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Editorial on the Research Topic

Neoadjuvant Therapy in Rectal Cancer: Response Prediction and Organ Preservation Strategies

Colorectal cancer is one of the most incident and lethal cancers worldwide, and rectal location
represents about one third of all cases. The treatment of rectal cancer remains challenging and
changing over the years and is a model of multidisciplinary approach. Currently, the treatment
planning of rectal cancer is not acceptable without a perfect harmony among imaging, endoscopy,
pathology, surgery, radiation, and clinical oncology. Since the consolidation of the neoadjuvant
chemoradiation and the techniques of total mesorectal excision almost 20 years ago (1), relevant
changes have emerged in the last years. The watch and wait (WW) strategy, proposed by Habr-
Gama and her group since the end of the 20th century, has been validated by several independent
cohorts, from different countries, and now is part of any clinical practice guideline (2). Two different
modalities of preoperative radiation, short-course and long-course, as well as the total neoadjuvant
chemotherapy, also plays important roles in the treatment decision-making (3, 4). Nowadays, we
need to decide which patient needs to be operated upfront or should not be ever operated (WW);
which patient really has benefit with neoadjuvant chemotherapy or can be spared of oxaliplatin-
related adverse effects; or which patient can even receive chemotherapy alone, without radiation, as
neoadjuvant treatment; or which patient can even be treated only with immunotherapy (5).
Pathological complete response (cPR) after neoadjuvant treatment is one of the most important
outcomes in rectal cancer, but can only be identified after radical surgery. Complete clinical
response (cCR) is the endpoint to be achieved, as it is the key for non-operative strategies.
Unfortunately, current clinical tools still failure to classify a cCR as a real cPR. Prediction of therapy
response, for better and safer selection of patients to different arms of treatment, has been a rich field
for clinical, translational and basic research, and stimulated us to propose this Research Topic.

In this Research Topic, interesting findings were reported aiming to improve the prediction of
response to neoadjuvant therapies. By using only clinical and imaging data, Liu et al. pointed out for
low performance of both multi-slice computed tomography (MSCT) or magnetic resonance
imaging (MRI) in predicting ypT0-T1. On the other hand, Pyo et al. show an accuracy of 84.8%
in predicting cPR with a model that combines CEA level, MRI and PET/CT for response assessment
after neoadjuvant chemoradiation. Based on these three methods, the authors propose a nomogram
for selecting patients for organ preservation.

Immunohistochemical analyses from pre-treatment tumor samples also appear as prognostic and
predictive factors. Focusing on tumor immune microenvironment, Yang et al. found that high levels of
cytotoxic T lymphocytes were significantly associated with pCR, whereas tumor-associated macrophages
June 2022 | Volume 12 | Article 94474115
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in tumor tissue were associated with poor response. Wang et al.
analyzed immunohistochemical expression of RUNX3 and EZH2
proteins in pre-treatment samples from 80 patients. High
expression of RUNX3 and low expression of EZH2 were
significantly associated with good tumor regression (TRG grade
0/1). Moreover, high expression of RUNX3 in pre-treatment tumor
samples was strongly associated with very high rates of disease-free
and overall survival. Immunohistochemical markers have special
advantages of the easy validation and relatively low costs.

Biomarkers associated with irradiation response were also
explored. Wu et al. used miRNA expression analysis in patient-
derived xenografts (PDX) paired with pre-storage specimens from
the same patient. They found four miRNAs (miRNA-552-3p,
miRNA-96-5p, miRNA-182-5p, and miRNA-183-5p)
significantly up-regulated in irradiation-resistant tissues, but
only the miRNA-96-5p was positively correlated with the
resistance to radiation. Functional assays supported that the
GPC3 gene is directly regulated by miRNA-96-5p and is a
plausible mechanism associated with irradiation resistance in
rectal cancer cells and related to the alterations of the Wnt/b-
catenin signal transduction pathway. Wei et al. explored immune-
related genes differentially expressed using gene expression
datasets (GEO and TCGA) of locally advanced rectal cancer
(LARC). Based on this gene list, they constructed a response-
related prediction model and a competitive endogenous RNA
network. Among the results, they found that hsamir-107 and the
lncRNA WDFY3-AS2 were associated with survival and are
potential prognostic markers or therapeutic targets for LARC
patients. The authors built a prognostic risk score model with a
good predictive value for the response to chemotherapy. Iseas et al.
integrated several factors (mismatch-repair deficiency markers,
HER2, CDX2, PD-L1 expression, and CD3−CD8+ tumor-
infiltrating lymphocyte) with clinical data and targeted
DNA sequencing of non-metastatic rectal cancer patients.
Interestingly, the authors found two distinct groups of patients
showing a synergic role of KRAS and TP53 mutational status and
Frontiers in Oncology | www.frontiersin.org 26
tumor immune infiltrate. High neutrophil-platelet scores and
KRAS mutated cases were found as independent predictive
factors and associated with a worse response to treatment. The
role of local microbiota in modifying the response to neoadjuvant
therapy was investigated by Takenaka et al. in 44 patients
prospectively recruited. In this South American prospective
cohort, from Brazil and Argentina, the authors identified a
group of bacteria, Enhydrobacter, Paraprevotella, and especially
Finegoldia, that were significantly associated with poor response to
therapy. These findings can open a window for increasing
response rates by modulating intestinal microbiota prior to
neoadjuvant treatment, a strategy that could be tested in future
clinical trials.

This Research Topic explored a plethora of strategies focusing
on rectal cancer and response to therapy that highlighted new
markers or targets for therapy, that improve our understanding
in this exciting area. Unfortunately, we still could not identify
one or a group of predictive biomarkers that can be finally
incorporated in clinical practice. The findings described here
have potential applications and are strong candidates to be
validated in larger cohorts of patients or in future clinical
trials. The prediction of response to therapy in rectal cancer
remains challenging.
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Juan- Li , Ti-Xian Xiao and Qian Liu*
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Colorectal cancer (CRC) is a common digestive tract tumor worldwide. In recent years,
neoadjuvant chemoradiotherapy (CRT) has been the most comprehensive treatment for
locally advanced rectal cancer (LARC). In this study, we explored immune infiltration in
rectal cancer (RC) and identified immune-related differentially expressed genes (IRDEGs).
Then, we identified response markers in datasets in GEO databases by principal
component analysis (PCA). We also utilized three GEO datasets to identify the up- and
downregulated response-related genes simultaneously and then identified genes shared
between the PCA markers and three GEO datasets. Based on the hub IRDEGs, we
identified target mRNAs and constructed a ceRNA network. Based on the ceRNA
network, we explored prognostic biomarkers to develop a prognostic model for RC
through Cox regression. We utilized the specimen to validate the expression of the two
biomarkers. We also utilized LASSO regression to screen hub IRDEGs and built a
nomogram to predict the response of LARC patients to CRT. All of the results show
that the nomogram and prognostic model offer good prognostic value and that the ceRNA
network can effectively highlight the regulatory relationship. hsa-mir-107 andWDFY3-AS2
may be prognostic biomarkers for RC.

Keywords: locally advanced rectal cancer (LARC), neoadjuvant therapy, nomogram, competitive endogenous RNA
(ceRNA) network, prognostic model
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Wei et al. Analysis Response CRT for LARC
INTRODUCTION

Colorectal cancer (CRC) is the most commonly diagnosed
digestive tract cancer in the world. Rectal cancer (RC) accounts
for one-third of newly diagnosed CRC and is associated with
poor prognosis (1). Many studies have recommended
neoadjuvant chemoradiotherapy (CRT) as the standard
treatment for locally advanced rectal cancer (LARC) because of
its low toxicity and low metastasis rate (1). However, only
approximately 15–27% of patients achieve a pathological
complete response (pCR) (2), and most stage II/III RC patients
receive surgery or adjuvant therapy. Due to the different
responses to CRT, management of the response to CRT is
significant for LARC patients (3). Therefore, it is necessary to
construct a prediction model or study the mechanism of the
response of LARC to CRT.

According to some studies, the TME is related to the amounts
of Fusobacterium nucleatum (4) and interleukin (IL)-17A (5).
Many studies have indicated that the TME plays an important
role in the development and clinical outcomes of CRC (6–8). The
TME also plays an important role in the clinical outcomes of
LARC. There is some evidence showing that the presence of
PD-1 and tumor-infiltrating lymphocytes before therapy can
result in a better prognosis (9), and the high phospho-Drpl level
in the TME of RAGE-G82S polymorphism patients is linked to
the treatment effect (10). The components of the tumor
microenvironment (TME) include stromal cells, immune cells,
cytokines and other kinds of cells. Numerous studies have shown
that TME cells play important roles in tumor progression,
therapeutic effects and clinical outcomes and interact with each
other (11–13). Therefore, it is important to explore the
differentially expressed genes that link with the TME and
respond to CRT in LARC patients. In our study, we explored
the TME score and tumor-infiltrating immune cells (TICs) in RC
and identified the differentially expressed genes (DEGs) between
normal and tumor tissues (14). Based on the DEGs, we explored
immune-related genes (IRGs) in RC. We utilized principal
component analysis (PCA) to identify the key markers of IRGs
in the GSE68204 dataset (15). Moreover, we utilized robust rank
aggregation (RRA) to identify genes related to the response to
CRT that were up- and downregulated simultaneously in three
datasets from the Gene Expression Omnibus (GEO) database
(16, 17). Then, we explored the hub genes that were shared with
the key markers by PCA and RRA.

There is much evidence showing that competing endogenous
RNAs (ceRNAs) play important roles in human cancers (18).
The ceRNA network can clearly express the intricate interplay
among mRNA, miRNA and lncRNA, which provides a
perspective to explore the mechanisms of genes (19, 20).
Abbreviations: RC, rectal cancer; LARC, locally advanced rectal cancer; TCGA,
The Cancer Genome Atlas; GEO, Gene Expression Omnibus; DEGs, differentially
expressed genes; IRGs, immune-related genes; IRDEGs, immune-related
differentially expressed genes; GO, gene ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes; PCA, principal component analysis; RRA, robust rank
aggregation; TNM, tumor node metastasis; LASSO, least absolute shrinkage and
selection operator; DCA, decision curve analysis ; ROC, receiver
operating characteristic.
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In our study, we identified target mRNAs based on the hub
IRDEGs and built a ceRNA network to explore the regulation of
lncRNA–miRNA–mRNA interactions in LARC after CRT.
Based on the ceRNA network, we found two prognostic
biomarkers for RC and utilized Cox regression to build a
prediction model. Based on the hub IRDEGs, we also utilized
least absolute shrinkage and selection operator (LASSO)
regression to further screen the genes (21, 22) related to the
response to CRT and constructed a predictive nomogram (23).
MATERIALS AND METHODS

Gene Expression Datasets
The microarray datasets used in our study were downloaded
from the TCGA and GEO databases. The RNA data of TCGA-
READ (Supplementary Files 1–3), which contained two control
tissues and 84 RC tissues with clinical data, were downloaded
from the TCGA database (http://cancergenome/.nih.gov/). Three
GEO datasets of LARC patients who received CRT, GSE93375
(24), GSE119409, and GSE139255 (Supplementary Files 4–6)
were downloaded from the GEO database (http://www.ncbi.nlm.
nih.gov/geo/).

TME Score and Immune Infiltration
We utilized the R packages “estimate” and “limma” to estimate the
proportions of stromal and immune cells in RC and calculated the
ImmuneScore, StromalScore, and ESTIMATEScore of tumor
tissues (25). Then, we divided the three datasets into high- and
low-score groups and utilized Kaplan–Meier analysis to plot the
survival curves through the R packages “survminer” and “survival”.
We also utilized CIBERSORT to explore the relative percentages
of immune cell types in RC (26). We utilized gene microarray
immunofluorescence double staining, which was performed on
rectal cancer diagnosed in Cancer Hospital in China, to validate
immune infiltration. The CD4 rabbit mAb (48274S, CST, Danvers,
MA, United States) was used as the antibody for CD4+ T cells, and
the CD68 XP rabbit mAb (76437S, CST) was used as the
antibody for M0 macrophages. The process of immunofluorescence
double staining is shown in the Supplemental Materials
and Methods.

Hub IRDEGs
We utilized the R packages “edgeR” (27) and “limma” to separate
mRNAs and lncRNAs and then explored the DEGs between normal
and tumor tissues of RC in TCGA database according to the criteria
|log(fold change)|>2 and P-value <0.01. We downloaded IRGs from
the IMMPORT database (https://www.immport.org/) and
identified IRDEGs using the R package “limma” (28). We
downloaded the GSE68204 matrix files from the GEO database
(Supplementary File 7) and divided the samples into three groups:
normal, tumor-responsive, and tumor-non-responsive tissues.
Based on the IRDEGs, we utilized PCA to explore the principal
IRDEGs in GEO68204 for LARC patients who received CRT.
Samples from the GSE119409 and GSE139255 datasets were
classified according to clinical information; GSE93375, TRG1, and
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TRG2 were considered responders, and TRG3, TRG4, and TRG5
were considered non-responders (Mandard’s classification). Then,
we identified differentially expressed genes between responder and
non-responder groups of three matrix files in the GEO datasets
utilizing the R package “limma”. We explored the genes that were
upregulated and downregulated simultaneously (P < 0.05 and |log
(fold change)|>0) using the RRA method with the R package
“RobustRankAggreg”. We explored the hub IRDEGs of LARC
using a Venn diagram through the online tool “VENN” (http://
bioinformatics.psb.ugent.be/webtools/Venn/). The hub IRDEGs
were the intersecting genes screened by PCA and RRA (29). We
also utilized the online tool SangerBox and the R package “psych” to
explore the relationships between the hub IRDEGs.
Frontiers in Oncology | www.frontiersin.org 39
GO and KEGG Enrichment Analyses
We utilized the R packages “org.Hs.eg.db”, “enrichplot”,
“ggplot2”, “enrichplot”, and “GOplot” to conduct GO and
KEGG pathway enrichment analyses, which satisfied the
criterion of an adjusted P-value <0.05 to explore the biological
values of principal IRDEGs screened by PCA and hub IRDEGs.

Construction of the ceRNA Network and
Prognostic Model
The miRNA and lncRNA matrix files of RC were downloaded
from the TCGA database, and we identified the differentially
expressed miRNAs (DEmiRNAs) and differentially expressed
lncRNAs (DElncRNAs) with the R package “edgeR”. Based on
FIGURE 1 | Flowchart of this study.
FIGURE 2 | The proportions of 22 kinds of TICs in rectal tumor samples.
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the hub IRDEGs, we identified candidate mRNAs as targets of
DEmiRNAs that were recognized by TargetScan, miRTarBase, and
miRDB simultaneously (29). Then, we explored the interactions
between DElncRNAs and DEmiRNAs. Based on the
interactive relationships of DEmiRNAs–DElncRNAs and
DEmiRNAs–DEmRNAs (30), we constructed a lncRNA–
miRNA–mRNA ceRNA network and utilized Cytoscape software
3.6.1 to visualize the network. Based on the DElncRNAs and
DEmiRNAs, we explored survival-related biomarkers with the R
packages “survival” and “q value” in the TCGA-READ database.
We utilized Cox regression analysis to build the prognostic model
through the R package “survival” based on the survival-related
biomarkers and utilized ROC curves and K–M plots to verify the
prediction model. In addition, we utilized immune cells in the
tumor infiltration database downloaded from TIMER (https://
Frontiers in Oncology | www.frontiersin.org 410
cistrome.shinyapps.io/timer/) to explore the correlations between
the expression of immune cells and the risk score of the model.
Validation of Differential Expression of
Prognostic Biomarkers
We utilized qPCR to validate the differential expression between
tumor and control tissues performed on eight pairs of RC and
matched normal tissues. Total RNA was extracted from tissue
samples. The RNA levels were calculated using the DDCT
method. The specimens were collected in Cancer Hospital in
China, and this study was approved by the ethics committee at
Cancer Hospital. All individuals in this study provided informed
consent. The details of the process are provided in the
Supplemental Materials and Methods.
A B

FIGURE 4 | Identification of principal CRT-related genes through PCA. (A) PCA could separate immune-related genes in GSE68204. Orange dots represent the
normal (NNT) group; green dots represent the tumor-non-responsive (TNTN) group; blue dots represent the tumor-reponsive (TNTR) group. (B) 3D distribution plot
of PCA. Orange lines represent the normal (NNT) group; green dots represent the tumor-responsive (TNTR) group; blue dots represent the tumor-non-responsive
(TNTN) group.
FIGURE 3 | Gene microarray immunofluorescence double staining. Double immunofluorescence staining for CD14 (red) and CD68 (green) antigens of tumor cell.
Scale bars = 50 µm.
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Development and Validation of the
Prediction Nomogram
Based on the hub immune response-related DEGs, we utilized
LASSO regression to screen the response-related factors in
GSE68204 with the R packages “survival” and “glmnet”. Based
on the factors identified, we built a nomogram through the R
package “rms” to build a response-related prediction nomogram
and used decision curve analysis (DCA), calibration curves,
receiver operating characteristic (ROC) curves, and concordance
index (C-index) to validate the nomogram (31, 32) through the R
packages “Hmisc”, “ROCR”, “rms”, and “rmda”. To further
validate the nomogram, we utilized bootstrapping validation
(1,000 bootstraps) to calculate the verification C-index (23).
Frontiers in Oncology | www.frontiersin.org 511
RESULTS

TME of RC
The workflow of our study is shown in Figure 1. We analyzed three
TME scores, the ESTIMATEScore, ImmuneScore, and
StromalScore, and explored their relationships with clinical
characteristics. There were no significant differences across
different stages and TNM grades. We divided the three scores into
two groups, and the K–Mplot showed no significant survival benefit
(Supplementary Figures S1–S4). As shown in Figure 2, CD4+ T
cells and macrophages accounted for the highest relative percentages
in RC tissues. The expression of CD4+ T cells and also macrophages
also enriched on gene microarray of RC is shown in Figure 3.
A B

D

E F

C

FIGURE 5 | Identification and correlation of hub immune-related DEGs. GO and KEGG analyses of the markers and hub immune-related DEGs. (A) Venn diagram of
hub immune-related DEGs. Blue indicates RRA of the three datasets obtained from the GEO database. Red indicates markers identified by PCA. (B) Correlations of
hub immune-related DEGs. (C) Circ plot indicating the top five GO enrichment terms of markers. (D) Circ plot indicating the top five KEGG pathway terms of
markers. (E) Cluster plot showing the top five GO enrichment terms of hub immune-related DEGs. (F) Cluster plot showing the top five KEGG pathway terms of hub
immune-related DEGs.
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Identification of the Hub Immune-Related
DEGs in LARC
Based on the RC mRNA matrix files downloaded from the TCGA-
READ dataset, we first identified DEGs between control tissues and
Frontiers in Oncology | www.frontiersin.org 612
tumor tissues. A total of 107 IRDEGs were explored based on the
DEGs. Then, we divided GSE68204 into three groups: normal,
tumor-responsive, and tumor-non-responsive tissues. Sixty-five
principal IRDEGs were identified based on the IRDEGs through
PCA (Figures 4A, B). As shown in Figure 5A, there were 10 hub
IRDEGs (TNF, HSPA2, PRKCB, PIK3CG, GHR, IL1R2, FLT3,
FGF2, IL6R, and ANGPT1) that were shared between PCA and
RRA. The correlation heatmap showed that the hub IRDEGs had
strong relationships with each other (Figure 5B). The characteristics
of the datasets are shown in Table 1.

GO and KEGG Enrichment Analyses
of DEGs
For the markers recognized by PCA, the top five GO enrichment
terms were muscle cell proliferation (P = 6.54E-10), regulation of
smooth muscle cell proliferation (P = 7.66E-09), smooth muscle
cell proliferation (P = 8.47E-09), regulation of chemotaxis (P =
8.66E-08), and positive chemotaxis (P = 1.12E-07) (Figure 5C).
The top five KEGG enrichment terms were neuroactive ligand–
receptor interaction (P = 8.92E-08), cytokine–cytokine receptor
interaction (P = 9.88E-06), MAPK signaling pathway (P = 6.50E-
05), calcium signaling pathway (P = 9.63E-05) and PI3K–Akt
signaling pathway (0.000267) (Figure 5D).

For the hub immune response-related genes, the top five GO
enrichment terms were positive regulation of peptidyl-tyrosine
A

B

DC

FIGURE 6 | Construction of the ceRNA network and K–M plots of survival. (A) Venn diagram of the identified candidate mRNA. (B) ceRNA network based on the
hub immune-related DEGs. The light blue diamonds show upregulated DElncRNAs; the dark blue diamonds show downregulated DElncRNAs; the yellow circles
show upregulated DEmiRNAs; the green circles show downregulated DEmiRNAs; and the red rounded squares show mRNAs. (C) K–M plot of hsa-mir-107. The red
line represents high hsa-mir-107 expression group, and the blue line represents the low hsa-mir-107 expression group. (D) K–M plot of WDFY3-AS2. The red line
represents high expression of WDFY3-AS2, and the blue line represents low expression of WDFY3-AS2. K–M, Kaplan-Meier.
TABLE 1 | Baseline information of datasets from the GEO database.

Dataset No. of
Responders

to CRT

No. of Non-
responders

to CRT

No. of
Normal
tissues

Platform
ID

No. of
Row Perl
Platforms

GSE68204 27 32 21 GPL6480 19,582
GSE93375 8 14 GPL15207 20,072
GSE119409 15 41 GPL570 21641
GSE139255 89 67 GPL22330 784
GSE, Gene Expression Omnibus Series; GPL, Gene Expression Omnibus Platform.
TABLE 2 | Basic information on the ceRNA network.

Dataset No. of Normal
tissues

No. of Tumor
tissues

Platform
ID

No. of Row Perl
Platforms

mRNA 2 84 RNAseq 19,600
lncRNA 2 84 RNAseq 14,083
miRNA 1 78 RNAseq 1,881
miRNA, microRNA; lncRNA, long non-coding RNA.
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phosphorylation (P = 2.71E-08), positive regulation of tyrosine
phosphorylation of STAT protein (P = 3.80E-08), regulation of
tyrosine phosphorylation of STAT protein (P = 8.28E-08),
positive regulation of phosphatidylinositol 3-kinase signaling
(P = 9.08E-08), and tyrosine phosphorylation of STAT protein
(P = 9.51E-08) as shown in Figure 5E. The top five KEGG
enrichment terms were MAPK signaling pathway (P = 4.01E-07),
PI3K–Akt signaling pathway (P = 1.20E-06), hematopoietic cell
lineage (P = 4.15E-06), EGFR tyrosine kinase inhibitor resistance
(P = 0.00010), and Ras signaling pathway (P = 0.00012)
(Figure 5F).
The ceRNA Network of LARC
The mRNA, miRNA, and lncRNA characteristics are shown in
Table 2. There were 24 downregulated DElncRNAs, 1 upregulated
DElncRNA, 3 downregulated DEmiRNAs, 16 upregulated
DEmiRNAs, and 1 candidate target mRNA (FGF2) in the
Frontiers in Oncology | www.frontiersin.org 713
network (Figure 6A). Based on the interactions between
DEmiRNAs–DElncRNAs and DEmiRNAs–DEmRNAs, we built a
DEmiRNA–DElncRNA–DEmRNA network (Figure 6B).
Two biomarkers were associated with survival times: the miRNA
hsa-mir-107 (P = 0.05, HR = 0.29, 95% CI: 0.07–1.08) and the
lncRNA WDFY3-AS2 (P = 0.023, HR = 0.24, 95% CI: 0.06–0.91)
(Figures 6C, D). The biomarkers hsa-mir-107 and WDFY3-AS2
were not closely related to clinical information (Supplementary
Figures S5, S6). There was no significant difference in the
expression of has-miR-107 and WDFY3-AS2 in RC tumor and
control tissues (Supplementary Figure S7).
Development and Validation of the
Prognostic Model
We utilized Cox proportional hazards regression analysis to
develop the prognostic risk score model (Figure 7). Based on
the risk score, we divided RC patients into low-risk and high-risk
A B

C

FIGURE 7 | Construction of the prognostic model based on survival-related biomarkers. (A) Risk score distribution in RC patients. Red dots and lines represent the
high-risk group of the model, and blue dots and lines represent the low-risk group of the model. (B) ROC curves of 1-, 3- and 5-year survival rates of RC patients.
The red line represnts the 1-year survival rate of RC patients, the green line represents the 3-year survival rate, and the blue line represents the 5-year survival rate.
(C) K–M plot of the risk score survival value.
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groups. The risk score distribution was analyzed and is shown in
Figure 7A. The AUCs of 1-year survival, 3-year survival and 5-
year survival were 0.71, 0.79, and 0.97, respectively (Figure 7B).
We utilized K–M curves to show the relationship of the risk score
with overall survival (OS). As shown in Figure 7C, the risk
score had a strong relationship with OS, and the high-risk group
had a poor prognostic value (P = 0.048). The risk score of
the prognostic model had minimal relationship with B cells
(cor = 0.137, P = 0.265) or CD4 T cells (cor = 0.039, P = 0.75).
The prognostic model was significantly related to CD8-T
cells (cor = 0.405, P = 6.037E-04), dendritic cells (cor = 0.313,
P = 0.009), macrophages (cor = 0.533, P = 2.831E-06), and
neutrophils (cor = 0.461, P = 7.514E-05) (Figure 8).

Development and Validation of the
Response-Related Prediction Nomogram
The response-related prediction nomogram (Figure 9C), which
was built based on the response of LARC patients to CRT and
Frontiers in Oncology | www.frontiersin.org 814
LASSO regression analysis of the 10 hub immune response-
related DEGs is shown in Figures 9A, B. Four genes were
screened: ANGPT1, GHR, HSPA2, and FLT3. The C-index of
the nomogram was 0.822 (SD = 0.107), the AUC of the ROC
curve was 0.822 (Figure 9D), and the calibration and DCA plots
(Figures 9E, F) showed good predictive value for the response of
LARC patients to CRT. The verification C-index was 0.747,
which suggested that the nomogram offers good discrimination.
DISCUSSION

CRC is a commonly diagnosed cancer and has high mortality
(30). RC accounts for one-third of CRC cases worldwide (33). In
recent years, CRT and surgery have been the standard treatments
for LARC patients (34). Different responses to CRT are very
important for LARC patients because of the close relationship
between treatment and the survival rate (35). Therefore, it is
A B

D

E F

C

FIGURE 8 | Relationship between immune cell infiltration and the risk score of the prognostic model. (A–F) was shown the correlationship between B cell, CD4 T
cell, CD8 T cell, Dendritic cell, Macrophage, Neutrophil and risk score of prognostic model.
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necessary to develop an effective model to predict the therapeutic
effect of CRT. Previously, Nie Ke et al. built a high predictive
model based on multiparametric MRI (36), and some prognostic
biomarkers were found to be linked with the response to CRT
(37). IRGs as factors linked with tumor regression and clinical
outcome (38), also play important roles in the response to CRT
(39). In our study, we first explore the TME of RC. In our results,
we found that CD4+ T cells and macrophages were enriched in
RC tissue, and our gene microarray confirmed this result, which
provided our perspective that immune infiltration may play an
important role in RC. We continued to explore the IRDEGs
based on the DEGs between normal and tumor tissue.

We identified 65 principal IRDEGs related to the response to
CRT for LARC by PCA, such as IL6R (40) and CCL23 (41).
Frontiers in Oncology | www.frontiersin.org 915
Functional enrichment showed that IRDEGs were related to
tumor regression. To further explore the biomarkers of CRT
response, we identified the intersection between the biomarkers
screened by PCA and RRA. Ten hub IRDEGs were identified and
had close relationships with classic signaling pathways, such as
the Ras signaling pathway, MAPK signaling pathway, and PI3K–
Akt signaling pathway. To explore the potential biological value
of these genes in LARC patients, we performed GO enrichment
analyses to explore the functions, and most of the GO and KEGG
terms were associated with the immune response and
development of RC.

To explore the mechanisms of hub IRDEGs in response to
CRT for LARC, we constructed a ceRNA network (42). miRNAs
and lncRNAs are molecules that play important roles in
A B
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FIGURE 9 | Prediction nomogram. (A, B) LASSO regression analysis of hub immune-related DEGs. (C) Prediction nomogram for the response to CRT in LARC
patients. (D) ROC curve of the nomogram. (E) Calibration curve of the nomogram. The x-axis represents the predicted response-CRT risk. The y-axis represents the
actual response to CRT. The solid line represents the performance of the nomogram, a closer fit to diagonal dotted line represents a better prediction. (F) DCA curve
of the nomogram. The y-axis measures the net benefit. The blue line represents response-CRT nomogram. The gray line represents the assumption that all patients
are responsive to CRT. The black line represents the assumption that no patients are responsive to CRT.
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regulating gene expression during normal or pathological
cellular processes at the posttranscriptional level (43–45). In
our study, we identified the DEmiRNAs and DElncRNAs
between normal and tumor tissues and explored the candidate
DEmRNAs based on the IRDEGs. In the ceRNA network, we
found that miRNA hsa-mir-107 and lncRNA WDFY3-AS2 are
associated with survival time and have a close relationship with
the development and clinical outcome of cancer: hsa-mir-107 is a
biomarker that is linked with the development of human cancer
(46), and WDFY3-AS2 is linked with the tumor regression of
ovarian cancer (47). There was no statistically significant
difference in the expression of the two biomarkers in tumor
and control tissues, which may indicate that the biological values
of the two biomarkers are more inclined to prognosis.
Meanwhile, the small numbers of specimens may also be the
reason that affects the experimental results. Based on the two
prognostic genes, we utilized Cox proportional hazards
regression analysis to develop a prognostic model, and the
model could predict the survival time very effectively. To
analyze the relationship between tumor immune filtration and
the prognostic model, we utilized six IRGs with reported links
with tumors. To improve the nomogram prediction accuracy for
LARC, we further screened 10 hub IRDEGs through LASSO
regression, built a response-related prediction nomogram in the
GSE68204 dataset, and validated the nomogram. All of the
results showed that the nomogram offers good prediction value.

Our study also faces some limitations. First, a prognostic
model nomogram was built based on the immune-related genes
associated with the response of LARC patients to CRT, and the
clinical information of LARC patients was not explored. In the
future, we will add valuable clinical information to make
the prognostic model and nomogram more comprehensive.
Second, in the study, we explored the differential expression of
the two prognostic biomarkers because the patients had
experienced surgery and did not have enough time for follow-
up studies. In the future, we will accumulate more clinical
specimens and perform follow-up studies. We will further
explore the mechanism of the response of LARC patients to
CRT in vivo and validate the prognostic model in a
large population.

In summary, by exploring the GEO and TCGA databases, which
are publicly available, we identified immune-related genes, and
based on the genes, we constructed a response-related prediction
model and ceRNA network. We also found that the miRNA hsa-
mir-107 and the lncRNA WDFY3-AS2 are associated with survival
time and can be used as prognostic markers or treatment targets for
LARC patients in the future. Based on these two genes, we built a
prognostic risk score model. Our results PROVIDED new insights
to predict the response to CRT for LARC.
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Neoadjuvant chemoradiotherapy has been widely used in the treatment of locally
advanced rectal cancer due to the excellent advantages of irradiation in cancer therapy.
Unfortunately, not every patient can benefit from this treatment, therefore, it is of great
significance to explore biomarkers that can predict irradiation sensitivity. In this study, we
screened microRNAs (miRNAs) which were positively correlated with irradiation resistance
and found that miRNA-552 and miRNA-183 families were positively correlated with the
irradiation resistance of rectal cancer, and found that high expression of miRNA-96-5p
enhanced the irradiation resistance of rectal cancer cells through direct regulation of the
GPC3 gene and abnormal activation of the canonical Wnt signal transduction pathway.
Based on the radioreactivity results of patient-derived xenograft models, this is the first
screening report for radio-resistant biomarkers in rectal cancer. Our results suggest that
miRNA-96-5p expression is an important factor affecting the radiation response of
colorectal cancer cells.

Keywords: rectal cancer, irradiation resistance, miRNA-96-5p, GPC3, Wnt/b-catenin
INTRODUCTION

In the past decade, the application of radiotherapy-based preoperative neoadjuvant
chemoradiotherapy (nCRT) has played a major role in improving surgical resection rates and
rectal sphincter retention while reducing the rate of local recurrence in patients with locally
advanced rectal cancer (LARC). However, only 40-80% of patients can benefit from this treatment,
and with such a large variance, no less than 20% of patients will be resistant to nCRT (1–4). In
consideration of the foregoing, it is not advantageous to indiscriminately perform nCRT on all
LARC patients. Therefore, the screening out of patients with high resistance to radiotherapy before
treatment will be conducive to the implementation of individualized precision therapy for
LARC patients.

Patient-derived xenograft (PDX) model is a xenograft model constructed by implanting newly
excised tumor tissue from patients into immunodeficient mice. Currently, it is widely used in the
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study of anti-tumor drug screening, but its application in the
radiotherapy field has been rarely reported. Previous studies
(5–9) have shown that the traditional cell lines used to
construct tumor animal models are clonal cell subpopulations
with strong proliferation rates cultured in a nutrient rich
environment. Animal models constructed by these cells cannot
truly reflect the heterogeneity of cancer, nor can it demonstrate a
precise reaction of the biological state of tumors under hypoxia
and nutrient deprivation. The PDX model not only retains the
histological and genetic characteristics of the primary tumor, but
also retains the microenvironment of tumor cells, thus
overcoming the limitations of the traditional cell lines
transplantation model (6, 10, 11). It has even been suggested
that tumor stem cells and stem cell-like cells can proliferate in the
PDX model (12, 13). Based on the above theory, we constructed
the PDX model of rectal cancer and screened the irradiation
response ability of rectal cancer tissues from different patients.

MicroRNAs (miRNAs), a family of endogenous short non-
coding RNAs, can regulate the translation or induce degradation
of specific mRNAs by binding to the 3’-untranslated region of
mRNAs (14). Studies have confirmed that the change of their
expression not only participates in the occurrence and
progression of tumors (15–17), but also regulates the cancer
cells responsiveness to irradiation (18–22). To our knowledge,
most of the studies on miRNA regulation of irradiation reactivity
in LARC patients come from other types of cancers at which the
validation of miRNAs relation to radiation reactivity have
been confirmed.

In this study, based on the irradiation reactivity analysis in
PDX models of LARC, we screened out miRNAs that were
positively correlated with irradiation resistance, verified them
in different rectal cancer cell lines, and explored the relevant
mechanism of miRNA-96-5p enhancing irradiation resistance of
rectal cancer cells.
MATERIALS AND METHODS

Characteristics of Patients and
Establishment of PDX Model
The study population included 56 LARC patients (39 male and
17 female), with a median age of 57.6 years (41.3-72.7 years),
who underwent total mesorectal excision (TME) and refused to
accept nCRT in our hospital from July 2015 to July 2016.
Postoperative pathology showed that among the 56 patients, 37
had pT3 and 19 had pT4 tumors; in addition to having pT3 and
pT4 tumors, 12 patients had pN0, 27 had pN1, and 17 had pN2
diseases. There were 43 patients with R0 resection and 13 with R1
resection. Among them, 29 patients completed more than 50Gy
postoperative radiotherapy, and 36 completed more than 6 cycles
of chemotherapy with fluorouracil based chemotherapy. As of
March 2021, 36 (64.28%) patients have had local recurrence and/
or distant metastasis and 31 (55.36%) patients have died.

After the surgical specimen of enrolled patients was isolated, a
fresh section of tumor tissue, approximately 10×10×5mm3 in size,
was immediately cut from the central area of the tumor in a sterile
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environment (Figure 1A). It was then divided into two parts after
being washed three times with normal saline. One part was divided
into two parts and stored at -150°C refrigerator before being used
for miRNA microarray analysis. The other part was cut into
2×2×2mm3 segments of tissues and implanted into the dorsal side
of the forelimb or hindlimb of BALB/c-nude mice to construct the
first generation PDX model. Two-four nude mice were implanted
for each specimen, and 1-4 points were implanted for each nude
mouse (Figure 1B). After the xenograft tumor grew to
approximately 10mm in diameter, it was then removed to build a
second-generation PDX model on the forelimb shoulder-back of
nude mice (Figure 1C). Irradiation reactivity experiments were also
conducted after the xenograft tumor grew to approximately 10mm
in diameter. A total of 259 male SPF grade BALB/c-nude mice, aged
4-6 weeks and weighing 18-20g, were used in this study, all of which
were provided by the Institute of Zoology, Chinese Academy of
Medical Sciences with all characteristics having been confirmed.
Conformity certificate number: SCXK (Beijing) 2015-0013. Animal
experiments involved in this study were approved by the Animal
Ethics Committee of the Fourth Hospital of Hebei Medical
University. Each patient signed an informed consent approved by
the Ethics Committee of the Fourth Hospital of Hebei Medical
University. In order to clearly illustrate the experimental process, a
flow chart of the study design was shown in Figure 2. The raw data
of key steps in this study can be found in the online link https://pan.
baidu.com/s/1-SI1TFD15xCEvdrLLqPfTQ with the extraction
code snls.

Evaluation of Irradiation Reactivity
of PDX Model
In order to obtain the irradiation response status of PDX models, a
single irradiation of 16Gy was administered after the diameter of the
implanted tumor reached a diameter 10mm. The scheme is as
follows: the limbs of awake nude mice were affixed to foam boards
using adhesive tape with tumor surface was covered by a tissue
compensation membrane (Figure 1D) for radiotherapy with 6MV
X-rays. Tumor thickness was defined by the vertical distance
ranging from top to bottom. The distance from the irradiation
source to the tumor center is 100cm, the dose rate is 500 MU/min,
and the size of the irradiation field is 2×2cm. The nude mice were
sacrificed 10 days after irradiation, and tissues were excised for HE
staining. According to the rectal cancer regression grade (RCRG)
standard (23), two experienced pathologists evaluated the
irradiation reactivity of the PDX model. Under this scoring
criterion, tumor regression was classified into three levels: RCRG
1: Sterilization or only microscopic foci of adenocarcinoma
remaining, with marked fibrosis; RCRG 2: Marked fibrosis with
macroscopic disease present; RCRG 3: Little or no fibrosis, with
abundant macroscopic disease. In this study, we defined RCRG 1 as
irradiation sensitive tissue and RCRG 3 as irradiation
resistant tissue.

Screening of Irradiation Resistant
Cell Lines
Human rectal cancer cell lines, including HRC-99, HR-8348,
SW1463, SW837, and RCM-1, were purchased from Shanghai
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Fudan University Cell Bank. All cell lines were maintained in our
laboratory and cultured in a RMPI 1640 medium (Invitrogen,
USA) supplemented with 10% of fetal bovine serum (FBS,
Invitrogen, USA), using a humidified 5% CO2 incubator at
37°C. Cells were collected during the logarithmic growth phase
for subsequent experiments. According to the pre-set irradiation
dose gradient, cells were seeded in six-well plates, and the
number of cells in a single well of each six-well plate were
equal. The irradiation dose corresponding to the number of
inoculated cells in each well were as follows: 0Gy 0.15×103 cells,
2Gy 0.3×103 cells, 4Gy 0.6×103 cells, 6Gy 1.2×103 cells, and 8Gy
2.4×103 cells. Cells were incubated for an additional 14 days after
irradiation. After incubation, cells were washed with PBS, fixed
with paraformaldehyde, and stained with crystal violet solution
(0.2%). The survival fraction (SF) was calculated using the
numbers of colonies divided by the numbers of cells seeded
Frontiers in Oncology | www.frontiersin.org 321
multiplied by the plating efficiency (PE). Three independent
experiments were performed.

Analysis of miRNA Microarray and
Screening of Target Genes
According to the result of RCRG, three pairs of pre-stored tumor
tissues corresponding to RCRG 1 and RCRG 3 were taken from
-150°C refrigeration. Total RNA was isolated from frozen
tumors, five rectal cancer cell lines, and transfected HR-8348
cells, purified using Trizol™ Plus RNA purification Kit
(Invitrogen, CA, USA) according to the manufacturer’s
recommended protocol, and quantified by UV absorbance at
260 and 280 nm. Denaturing agarose gel electrophoresis was
used to evaluate the quality of the samples. Subsequently,
miRNAs microarrays were performed by Shanghai Bohao
Biotechnology Corporation Co. (http://www.shbiochip.bioon.
A B

D E F

G IH

J
K

C

FIGURE 1 | Differential screening of irradiation reactivity to rectal cancer tissues and to rectal cancer cell lines. (A) Fresh specimen cut from the center of tumor;
(B) Rectal cancer tissue was transplanted into nude mice to construct the first generation PDX model; (C) Second generation PDX model for screening irradiation
reactivity; (D) Compensation tissue and irradiation field on the surface of xenograft tumor; (E) Irradiation caused liquefaction and necrosis of the tumor;
(F) Measurement of xenograft tumor in vitro; (G) Sterilization with marked fibrosis (RCRG1); (H) Marked fibrosis but macroscopic disease present (RCRG2); (I) Little
or no fibrosis, with abundant macroscopic disease (RCRG3); (J) Status of five rectal cancer cell lines exposed to irradiation, and survival fraction fitted to the linear
quadratic equation; (K) Colony formation assays of five rectal cancer cell lines under irradiation interference.
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com.cn, Shanghai, China). In this study, 2549 human miRNA
precursor loci were annotated using Agilent Human miRNA
chip V21.0 database according to the standard protocol (https://
www.agilent.com/cs/library/usermanuals/public/G4170-90011.
pdf). The detection rate and quality control status of each sample
was detailed in Supplementary Table 1.

After microarray analysis, quantitative reverse transcription
polymerase chain reaction (qRT-PCR) was used for validation of
the screening results in tissues and cells, as well as for detection of
target genes that may be regulated by miRNA-96-5p.
Complementary DNA (cDNA) was synthesized from the total
RNA using the GoScript Reverse Transcription System
(Promega, Wisconsin, USA) according to the manufacturer’s
instruction. TB Green Fast PCRMix (Takara-Bio-USA) was used
as the amplification reagent. The melting curve analysis was
performed to confirm the specificity of PCR products. U6 is a
highly conserved small nuclear RNA (snRNA), which is
relatively stable in different tissues and cells of the same
organism, and is one of the most commonly used miRNA
housekeeper genes (24, 25). Therefore, in this study, we used
U6 as the internal reference of miRNAs. A study on GAPDH
mRNA expression in a panel of 72 human tissues by Barber et al.
(26) found that there were great differences in the expression of
GAPDH between-tissue, but the expression variability of
GAPDH gene was generally small within-tissue. Because the
tissues and cells involved in this study were all from rectal cancer,
we used GAPDH as the internal reference of the target genes
expressions of miRNA-96-5p in this study. The total volume of
Frontiers in Oncology | www.frontiersin.org 422
the reaction system was 25mL, including 100 ng/mL cDNA 2mL,
10 mmol/L primer 2mL, Green system 12mL, ddH2O 9mL. Fold
change (FC)= DCt(RCRG3)/DCt(RCRG1) and DCt= (Ct
miRNA-Ct U6)RCRG3/(Ct miRNA-Ct U6)RCRG1 were used
to calculate the expression level multiples of differential miRNAs
in irradiation-resistant and irradiation-sensitive cancer tissues.
The relative expression levels of miRNAs and mRNAs in cells
were calculated by using 2 - DDCT method. The primers of
miRNAs were purchased from RiboBio Biotechnology Co., Ltd.
(Guangzhou, China), and the sequences were patented by the
company and specific base sequences could not be provided. The
mRNAs primers and reaction conditions were listed in
Supplementary Table 2.

Functional and Pathway
Enrichment Analysis
We analyzed the association of differentially expressed mRNAs
with biological processes (BP) and molecular functions (MF) in
the Gene Ontology (GO) database (http://geneontology.org). In
addition, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of differentially expressed Genes were
carried out to comprehensively study the gene and expression
information in order to identify the differentially enriched
pathways. The enrichment analysis was performed using
Fisher’s exact test in cluster Profiler from R/bioconductor
(https://www.bioconductor.org). The standard of selection was
the number of genes that fall on a GO term/or pathway ≥ 2, with a
P-value < 0.05.
FIGURE 2 | A flowchart of each step in this study.
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Plasmid Transfection
LV10N-hsa-miRNA-96-5p-inhibitor (5 ’-AGCAAAAA
TGTGCTAGTGCCAAA-3’), LV10N-hsa-miRNA-96-5p-NC
(5’-TTCTCCGAACGTGTCACGT-3’), LV-SWP-GFP-GPC3
(Forward: 5’-CATCGGTACCATGGCCGGGACCGTGCG-3’,
Reverse: 5’-TCGACTCGAGCACCAGGAAGAAGAAGC
ACACCACCG-3’) and LV-SWP-GFP were purchased from
GenePharma Co., Ltd. (Shanghai, China). HR-8348 cells in the
logarithmic growth phase were seeded into 24-well plates
(0.5×105 cells/well), 0.5mL complete culture medium (10% FBS
+RPMI-1640) was added to each well, and incubated at 37°C
with 5% CO2 for 24h. Then 10% FBS+DMEM culture medium
containing Polybrene (5mg/mL) and the corresponding lentivirus
(LV10N-hsa-miRNA-96-5p-inhibitor/-NC, pcDNA3.1-GPC3
vector and pcDNA3.1 empty vector) were used to replace the
original medium. After 12-24h, the medium was removed and
0.5mL/well complete medium (10% FBS+RPMI-1640) was
added. After 72h, the infection status of the cells was observed
under a fluorescence microscope. 0.6µg/ml Purinomycin (Sigma-
Aldrich, St. Louis, MO) was added into each well of successfully
transfected cells lines. The expression levels of miRNA-96-5p
and GPC3 were determined by qRT-PCR analysis.

Clonogenic Formation Assay of
Transfected Cells Under Irradiation
Interference
In order to detect the irradiation reactivity of HR-8348 before
and after transfection, we performed a clone formation
experiment. The experimental procedures were the same as the
screening of irradiation resistant cell lines.

MTS Assays
The proliferation of HR-8348 cells, LV10N-hsa-miR-96-5p-
inhibitor HR-8348 (HR-8348-IN) cells, and LV10N-hsa-miR-
96-5p-NC HR-8348 (HR-8348-NC) cells were examined by MTS
assay (Sigma-Aldrich, USA) at the indicated time points,
accordingly to the descriptions of the MTS assays of Cory (27)
and McCauley et al. (28). Cells were seeded at a density of
1.0×103 cells/well in 96-well culture plates, and cultured for 0/24/
48/72/96h. The absorbance values were determined on a
microtiter plate reader (Expire Technology, Perkin Elmer) at
492 nm. Three independent experiments were done in triplicate.

Wound Healing Assay
HR-8348 cells in different conditions were seeded into 6-well
plates at a density of 5.0×105/well and cultured conventionally.
When the cells grew to full fusion, a sterile pipette tip was used to
lightly scratch the cells at the centre of the 6-well plate. The
wounded monolayers were washed with PBS to remove cell
debris, and the cells were cultured in an incubator. Closure of
the wound was observed under an inverted microscope at 0, 12
and 24h after scratching, and the distance between the two edges
was measured. Ten fields of view were randomly selected, and
images were acquired at the indicated timepoints. Image−Pro
Plus version 5.0 software (Media Cybernetics, Inc., USA) was
used to analyze all images.
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Invasion Assay
Cells invasion assays were performed in a 24-well transwell
chamber (Corning, USA), containing the 8-mm pore size
polycarbonate membrane filter and was precoated with 20ml of
Matrigel (Corning, USA) for invasion. Briefly, 1.0×105 cells in
different clones were seeded in the upper chambers and
incubated in 200 ml RPMI medium (without FBS), while 600
ml medium with 10% FBS was placed in the lower chambers. The
plates were incubated for 24h in an incubator. Subsequently, the
invaded cells in the lower chamber were fixed with 4%
paraformaldehyde for 10 min, stained with 0.1% crystal violet
(Beyotime, China) for 5 min and lightly washed with PBS twice.
Eventually, the number of invaded cells in five random fields of
view were counted and photographed with a fluorescence
microscope (Olympus, Japan) at 200×magnification.

Screening of Target Genes Regulated
by miRNA-96-5p
Biological prediction softwares (TargetScan (http://www.
targetscan.org), miRDB (http://www.mirdb.org), miRTarbase
(http://mirtarbase.mbc.nctu.edu.tw), Tarbase (http://www.
microrna.gr/tarbase)) were used to predict the target genes that
might be regulated by miRNA-96-5p. Genes that can be
predicted by the above four software programs were
considered as the preliminary screening results, then the
screening results were searched in Pubmed library (https://
www.ncbi.nlm.nih.gov/pubmed) to further screen the possible
target genes that may be related to biological tumor behavior.
The target genes were verified by qRT-PCR and Western blot
analysis, and their expression profiles in rectal cancer were
obtained by Gene Expression Profiling Interactive Analysis
(GEPIA) website (http://gepia.cancer-pku.cn/detail.php).

Western Blot Analysis
Total proteins from cells were extracted using RIPA lysis buffer
containing the protease inhibitor PMSF. Cytoplasmic proteins were
extracted using a specialized cytoplasmic protein extraction kit
(Sangon Biotech Co., Ltd., Shanghai). Simply, the mixture of cell
lysis products and pre-cooled Buffer (1mL DTT, 10mL PMSF, 1mL
protease inhibitor, and 5mL phosphatase inhibitor) was centrifuged
at 4100 rpm for 15 min at 4°C, and its supernatant was further
centrifuged at 18000 RPM for 60min at 4°C again. The final
supernatant was cytoplasmic proteins. Western blot was
performed routinely, the primary antibodies were as follows: anti-
CAV1 (Abcam, ab32577, 1:200), anti-DDIT3 (Abcam, ab11419,
1:1000), anti-PDCD4 (Abcam, ab51495, 1:1000), anti-MBD4
(Abcam, ab227625, 1:200), anti-DAB2 (Abcam, ab33441, 1:500),
anti-FOXO3 (Abcam, ab109629, 1:1000), anti-GPC3 (Abcam,
ab174851,1:2000), anti-b-catenin (Cell Signal TECHNOLOGY,
8480T, 1:1000), anti-GSK 3b (Cell Signal TECHNOLOGY,
12456T, 1:1000), anti-p-GSK 3b (Cell Signal TECHNOLOGY,
5558T, 1:1000), anti-CD44 (Cell Signal TECHNOLOGY, 37529T,
1:1000), anti-c-Myc (Cell Signal TECHNOLOGY, 5065T, 1:1000)
and anti-GAPDH (Bioworld, AP0063, 1:5000). Goat anti-rabbit IgG
or goat anti-mouse IgG (1:12,000 dilution; Sigma, USA) were used
as the secondary antibody. Bands were visualized using an ECL
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Western blot detection kit (Amersham, USA). The ECL-based
detection was performed with Chemiluminescence Reagent
according to the manufacturer’s instructions. The level of
GAPDH was used as a loading control.

Luciferase Reporter Assay
The target gene analysis of miRNA-96-5p was performed using
the biological prediction site microRNA.org (http://www.
microrna.org/microrna/home.do), and dual-luciferase reporter
gene assays were used to determine whether GPC3 was the direct
target gene of miRNA-96-5p. The luciferase reporter vectors
(pmirGlo-GPC3-3’UTR-WT and pmirGlo-GPC3-3’UTR-MUT)
were synthesized by GenePharma Corp. The pRL-TK vector
expressing Renilla was used as a reference to control for
differences in cell number and transfection efficiency. MiRNA-
96-5p mimics and miRNA-NC were co-transfected with
luciferase reporter vectors into HR-8348 cells. Then, dual-
luciferase reporter assays were performed according to the
manufacturer’s instructions (GenePharma Corp. China).

Statistics
All statistical analyses were carried out using SPSS for Windows
version 17.0 (SPSS). Student’s t-test, oneway analysis of variance
(ANOVA) and Spearman correlation analysis were used to analyze
all of the data. All cell culture experiments were performed in
triplicate. Data are presented as mean ± standard deviation (SD).
Differences were considered statistically significant for P <0.05.
RESULTS

Construction of PDX Models
In our study, a total of 439 sites were implanted in primary
transplantation, with a success rate of 58.78% (258/439), and 56
sites were implanted in secondary transplantation, with a success
rate of 76.79% (43/56). Finally, PDX models of 29 patients were
used in the irradiation experiment. The diameter of the
implanted tumors was 10-15mm with a median of 12mm.
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Irradiation of PDX
The volume of xenograft tumor was calculated using the formula
for a spheroid “volume = length × height × width × p/6” prior to
and 10 days after irradiation. As shown in Table 1, there was no
significant difference between the volumes of implanted tumors
before and after radiation in vivo. After the measurement of gross
volume, the nude mice were sacrificed and the tumor tissues were
stripped. All specimens were found to have different degrees of
liquefaction and degeneration. Among them, 3 specimens were
mostly replaced by liquefied and necrotic tissues (Figure 1E),
and the remaining specimens were tumors. After cleaning the
liquefied necrotic tissue on tumor surface, the volume of the
isolated tumor tissue was measured (Figure 1F) and compared
with the volume of the tumor before and after irradiation, and
there was a large difference between them (P<0.001) (Table 1).
The response of the implanted tumor to irradiation was
evaluated according to the RCRG standard. It was found that
17.24% (5/29) of specimens were RCRG 1, 72.41% (21/29)
specimens were RCRG 2, and 10.34% (3/29) specimens were
RCRG 3 (Figures 1G–I).

Irradiation Response of Rectal
Cancer Cells
The colony-forming ability and survival fraction of rectal cancer
cell lines were shown in Table 2 and Figures 1J, K. HR-8348 cells
presented with the highest resistance to irradiation than other
cell lines (P<0.05). The trend of radio-resistant in these five cell
lines was HR-8348> HRC-99> RCM-1> SW837> SW1463.

Differential miRNA Expression Profiles
Between RCRG 1 and RCRG 3
The miRNAs microarrays indicated that a total of 14 miRNAs
were differentially expressed with a fold change value of ≥1.5, 4
up-regulated and 10 down-regulated (Figure 3A). Furthermore,
using qRT-PCR, we confirmed that the relative expression levels
of 4 up-regulated and 4 down-regulated miRNAs were consistent
with the microarray data (Figure 3B).
TABLE 1 | Volume comparison of implanted tumors before and after irradiation.

Groups �X ± SD(mm3) 95% CI F P value

Volume in vivo before irradiation 696.33 ± 315.32 599.28-793.37 0.39* 0.53*
Volume in vivo after irradiation 651.93 ± 338.89 547.63-756.23 49.54# 0.00#
Volume in vitro after irradiation 194.19 ± 258.88 114.52-273.86 65.14^ 0.00^
Augu
st 2021 | Volume 11 | Article
X̄, Mean value; SD, Standard deviation; CI, confidence interval; F, the statistic of one way ANOVA; *Tumor volume before irradiation in vivo vs. tumor volume in vivo after irradiation; #Tumor
volume in vivo before irradiation vs. tumor volume in vitro after irradiation; ^Tumor volume in vivo after irradiation vs. tumor volume in vitro after irradiation.
TABLE 2 | Related parameters of cell survival curve standard model.

Dose (Gy) HR-8348 HRC-99 RCM-1 SW837 SW1463 P value

D0 1.839 ± 0.108 2.237 ± 0.181 2.403 ± 0.291 2.789 ± 0.243 2.621 ± 0.109 0.002
Dq 4.091 ± 0.110 3.443 ± 0.281 2.847 ± 0.330 1.473 ± 0.409 0.463 ± 0.279 0.000
D37 5.930 ± 0.013 5.679 ± 0.106 5.250 ± 0.079 4.262 ± 0.167 3.084 ± 0.375 0.000
SF2 0.919 ± 0.026 0.852 ± 0.032 0.788 ± 0.047 0.635 ± 0.038 0.506 ± 0.035 0.000
D0, reciprocal of dose slope; Dq, quasithreshold dose; D37, irradiation dose at 37% survival fraction; SF2, survival fraction at 2 Gy.
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miRNAs Expression in Rectal Cancer
Cell Lines
miRNAs positively related to radio-resistance were tested in each
cell lines using the qRT-PCR method. Interestingly, among these
four miRNAs, the expression level of miRNA-96-5p was not only
positively correlated with the radio-resistance, but also consistent
with the trend of the irradiation resistance of these five cell lines
(Figure 4). Compared to the most radio-sensitive SW1463 cells,
the radio-resistant HR-8348 cells expressed approximately 2.3
fold of miRNA-96-5p (Table 3). The Spearman correlation
analysis verified a positive correlation with irradiation
resistance and expression of miRNA-96-5p in rectal cancer
cells (rs=0.938, P =0.000).
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Inhibition of miRNA-96-5p Decreases
Irradiation Resistance and Promotes
Nonaggressive Phenotype in
HR-8348 Cells
Next, we examined the potential role of miRNA-96-5p by
suppressing miRNA-96-5p expression in HR-8348 cells. The
expression of miRNA-96-5p was successfully down-regulated
in its inhibitor transfected HR-8348 (HR-8348-IN) cells (5.75±
0.45 vs. 0.0036 ± 0.00095) (Figure 5A). Through the clone
formation experiment under irradiation, it was found that the
irradiation resistance of HR-8348 cells was decreased after
inhibiting the expression of miRNA-96-5p (Figure 5B). In
addition, we also conducted a series of cell function
A B

FIGURE 3 | Differential miRNAs expression between RCRG1 and RCRG3. (A) MiRNAs microarray was used to detect the differential expression of miRNAs
between RCRG1 and RCRG3, the scale bar indicates miRNAs expression level: red represented high expression, green represented low expression; (B) Differential
expression miRNAs were confirmed by qRT-PCR.
FIGURE 4 | Detecting the expression of miRNAs positively correlated with irradiation resistance in rectal cancer cell lines showed that the expression of miRNA-96-
5p was positively correlated with the radiation resistance of the cells.
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experiments to explore the role of miRNA-96-5p. MTS assays
showed that the down-regulation of miRNA-96-5p significantly
reduced the proliferation rate of HR-8348 cells (Figure 5C).
Through wound healing assay and invasion assays, we found that
the down-regulation of miRNA-96-5p significantly reduced the
migration and invasion ability of HR-8348 cells (Figures 5D–G),
suggesting that miRNA-96-5p has a positive effect on the
aggressiveness of rectal cancer cells.

miRNA-96-5p Targets GPC3 in
HR-8348 Cells
A total of 3419 genes that might be regulated by miRNA-96-5p
were predicted using four different bioinformatics software
programs. CAV1, DAB2, DDIT3, EDEM1, FoxO3, GPC3,
Frontiers in Oncology | www.frontiersin.org 826
MBD4, PDCD4, SLC25A25 and ZEB110 genes were all cross-
predicted in these prediction tools. We further focused on seven
genes including CAV1, DAB2, DDIT3, FOXO3, GPC3, MBD4,
and PDCD4, being that they have been reported to play
important roles in tumorigenesis. The expression profiles of
the above seven genes obtained from the GEPIA website
showed that GPC3 had the lowest expression in rectal cancer
(Figure 6). Moreover, the target gene validation results showed
that only GPC3 was up-regulated in HR-8348-IN cells
(Figures 7A–G). These results suggest that GPC3 may be the
target gene regulated by miRNA-96-5p in HR-8348 cells. To
determine whether GPC3 gene is directly regulated by miRNA-
96-5p, we examined the effect of miRNA-96-5p on the activity of
luciferase driven by GPC3 3’-UTR. The results showed that
TABLE 3 | Expression of miRNAs positively correlated with irradiation resistance in different cell lines.

miRNAs SW1463 SW837 RCM-1 HRC-99 HR-8348 rs P value

miRNA-552-3p 5.4 ± 0.57 2.7 ± 0.67 5.7 ± 0.07 5.7 ± 0.51 2.0 ± 0.41 -0.262 0.346
miRNA-96-5p 2.02 ± 0.31 2.48 ± 0.31 3.00 ± 0.17 4.26 ± 0.64 4.67 ± 0.33 0.938 0.00
miRNA-182-5p 4.5 ± 1.12 4.1 ± 0.72 3.4 ± 0.41 2.0 ± 1.07 2.9 ± 0.21 -0.786 0.001
miRNA-183-5p 3.2 ± 0.61 4.9 ± 0.74 2.3 ± 0.26 5.2 ± 0.37 5.7 ± 0.19 0.578 0.024
August 2021 | V
olume 11 | Article
rs, Spearman rank correlation coefficient.
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FIGURE 5 | Changes in irradiation reactivity and biological behavior of HR-8348 cells before and after miRNA-96-5p knockdown. (A) MiRNA-96-5p was significantly
down-regulated in HR-8348-IN cells; (B) MiRNA-96-5p low-expression in radio-resistant HR-8348 cells results in increased sensitivity to irradiation, and survival
fraction fitted to the linear quadratic equation; (C) The effect of miRNA-96-5p on rectal cancer cells growth, as measured using the MTS assay; (D–G) The role of
miRNA-96-5p in migration and invasion of rectal cancer cells was detected by wound healing test and Transwell assays *P < 0.05, **P < 0.01.
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luciferase activity was significantly inhibited in the GPC3-WT
group but has no effect in the GPC3-MUT group (Figure 7H).
These findings implied that GPC3 might be a direct target gene
of miRNA-96-5p.

Over-Expression of GPC3 Enhanced the
Radio-Sensitivity of HR-8348 Cells
HR-8348 cell lines with GPC3 stable over-expression (HR-8348-
GPC3) were obtained by lentivirus transfection, and the
transfection efficiency was 1.36 ± 0.38 vs. 207.01 ± 46.19
(Figure 7I). Furthermore, we found that HR-8348-GPC3 had
significantly higher radiation sensitivity than HR-8348
cells (Figure 7J).

Down-Regulation of miRNA-96-5p
Inhibited the Activity of the Wnt/b-Catenin
Signal Transduction Pathway
From the results of an enriched signal transduction pathways
analysis in rectal cancer tissues with different irradiation
resistance abilities, we found that Wnt was one of the most
significant signal transduction pathways (Figure 8A). Therefore,
the expression of key genes and downstream genes of canonical
Wnt signal pathway were detected by Western blot analysis. In
our results, the relative expression levels of b-catenin, a key gene
in Wnt signaling pathway, in HR-8348 cells before and after
transfection (HR-8348, HR-8348-NC and HR-8348-IN) were
0.804 ± 0.035, 0.767 ± 0.253 and 0.781 ± 0.0185, respectively,
without statistical difference (P>0.05). Since it is known from
previous reports (29) that the expression and accumulation level
of b-catenin in the cytoplasm is an important factor affecting the
activity of the Wnt/b-catenin signal transduction pathway, we
further checked it in the cytoplasm of the three groups of cells,
and found that the levels were 0.631 ± 0.05, 0.665 ± 0.038,
and 0.321 ± 0.0108, respectively, and the ratios of b-catenin
expression in the cytoplasm to total cell were 0.81 ± 0.0442,
0.823 ± 0.0321 and 0.392 ± 0.0088, respectively, (P<0.05)
(Figure 8B). These results suggested that b-catenin expression
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in the cytoplasm of HR-8348 cells was inhibited with the down-
regulated expression of miRNA-95-5p.

To investigate the mechanisms of the down-regulated b-
catenin in the cytoplasm of HR-8348-IN cells, we detected the
expression of GSK 3b and its phosphorylation, key regulatory
factors of b-catenin. The relative expression levels of GSK 3b in
the three cell lines were 0.979 ± 0.007, 1.06 ± 0.014, and 0.847 ±
0.044, respectively (P>0.05). However, the expression level of p-
GSK 3b in HR-8348-IN cells was significantly lower than that in
the other two groups (P<0.05), and the expression levels in each
group were 0.872 ± 0.056, 0.698 ± 0.073, and 0.143 ± 0.003,
respectively. The ratios of p-GSK 3b to GSK 3b in three groups
were 0.82 ± 0.0314, 0.668 ± 0.0216 and 0.173 ± 0.0194,
respectively (P<0.05) (Figure 8C). These results suggested that
the phosphorylation level of GSK 3b was decreased in HR-8348
cells under the down-regulation of miRNA-96-5p expression.

Based on the above results, we speculated that the down-
regulation of miRNA-96-5p in HR-8348 cells might inhibit the
activity of the Wnt/b-catenin signaling pathway. To verify this
hypothesis, we examined the expression of CD44 and c-Myc, the
downstream genes of Wnt/b-catenin pathway. Our results
showed that the expressions of these two genes were
significantly decreased in HR-8348-IN cells, the expression
levels of CD44 in the three cell lines were 1.016 ± 0.053,
1.045 ± 0.163, 0.475 ± 0.069 and c-Myc were 0.940 ± 0.069,
1.004 ± 0.180, 0.343 ± 0.052, respectively (Figure 8D).

Effect of Up-Regulation of GPC3 to Wnt/b-
Catenin Signal Transduction Pathway
To determine whether GPC3 was involved in the change of Wnt/
b-catenin activity, the expression of b-catenin and GSK 3b in
HR-8348 before and after GPC3 up-regulated were examined.
We found that the ratios of b-catenin expression in cytoplasm to
total cells were 0.818 ± 0.0275, 0.827 ± 0.0153, and 0.159 ±
0.0176 (P<0.05) (Figure 8E), and p-GSK 3b to GSK 3b was
0.802 ± 0.0301, 0.79 ± 0.017, and 0.093 ± 0.0121, respectively
(P<0.05) (Figure 8F). These results indicated that the activity of
FIGURE 6 | The expression profiles of seven target genes that may be regulated by miRNA-96-5p obtained from the GEPIA website in rectal cancer tissues and
normal tissues. The median values of CAV1, DAB2, DDIT3, FOXO3, GPC3, MBD4 and PDCD4 in rectal cancer tissues and normal tissues were 17.16 and 180.87,
23.78 and 22.54, 27.78 and 33.00, 19.58 and 15.76, 1.24 and 4.3, 17.76 and 18.13, 92.51 vs.110.35, respectively. The red line represents the tumor, and the
green line represents normal tissue.
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the Wnt/b-catenin signal transduction pathway in HR-8348 cells
was inhibited under the up-regulation of GPC3 expression.
DISCUSSION

For patients with locally advanced rectal cancer, nCRT combined
with TME is the most conventional treatment according to
current guidelines and clinical practice. However, not everyone
can benefit from nCRT. Therefore, it is of great clinical
Frontiers in Oncology | www.frontiersin.org 1028
significance to determine an efficient method or effective
indicators that can be used to identify patients who are
resistant to radiotherapy prior to initial treatment. In this
study, we took samples from the central area of newly excised
tumor specimens. By using this method, the difference in
biological behavior between the pre-storage specimens and the
xenograft tumor will be reduced due to spatial heterogeneity.

According to the screening results of PDX in response to
irradiation, microRNA differential screening was performed on
the pre-storage samples corresponding to the irradiation
A B
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G

I

H

J

C

FIGURE 7 | Screening of target genes regulated by miRNA-96-5p and the effect of up-regulation of GPC3 expression on radiation reactivity of HR-8348 cells.
(A–C) qRT-PCR assays were used to detect the expression levels of target genes in rectal cancer cells before and after miRNA-96-5p knockdown, and the mRNA
expressions of FOXO3 and GPC3 were significantly up-regulated in HR-8348-IN cells; (D–G) Western blot assays were used to detect the expression of target
genes in rectal cancer cells before and after miRNA-96-5p knockdown, and the protein expression of GPC3 was not significantly changed in HR-8348-NC cells, but
was significantly up-regulated in HR-8348-IN cells; (H) Luciferase activity of the WT and mutant GPC3 3′UTR co-transfected with miRNA-NC and miRNA-96-5p
mimics, the GPC3-WT group was inhibited, but not in the GPC3-MUT group; (I) GPC3 was significantly up-regulated in HR-8348-GPC3 cells; (J) GPC3 over-
expression in HR-8348 cells results in increased sensitivity to irradiation, and survival fraction fitted to the linear quadratic equation. **P < 0.01.
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resistance and sensitivity models. Our results showed that the
expression of miRNA-552-3p, miRNA-96-5p, miRNA-182-5p
and miRNA-183-5p were significantly up-regulated in irradiation
resistant tissues. Interestingly, in the results of Li et al.’s screening of
differential miRNAs between rectal cancer tissues and normal rectal
tissues, these four miRNAs also showed up-regulation in cancer
tissues (30). In fact, previous studies on the irradiation resistance of
rectal cancer to miRNAs resulted in an inconsistency of outcomes
reached by different researchers. For example, in the studies of
Drebber et al. (31), Della Vittoria Scarpati et al. (32), and Kheirelseid
Frontiers in Oncology | www.frontiersin.org 1129
et al. (33), it was not found that the same miRNAs were repeatedly
screened, and even in two similar screening studies of the same
research group, no identical miRNAs were found (34, 35). Some
researchers believe that the reason for this phenomenon may be
related to the quality and preservation of the specimen’s condition
(36), in addition, the difference between the number of samples
submitted for inspection and the actual inspection platform may
also be an important influencing factor.

After validation of the four miRNAs, we found that the
expression of miRNA-96-5p was positively correlated with the
A B

D

E
F

C

FIGURE 8 | Effect of miRNA-96-5p on the status of Wnt/b-catenin signal transduction pathway in rectal cancer cells. (A) Screening of enriched signal pathway
indicated that Wnt signal pathway was one of the important factors affecting irradiation resistance of rectal cancer. (B, C) Down-regulation of miRNA-96-5p
significantly reduced the expression of b-catenin in the cytoplasm and the phosphorylation level of GSK3b in rectal cancer cells. (D) After the down-regulation of
miRNA-96-5p, the expression of CD44 and c-Myc was significantly reduced in rectal cancer cells. (E, F) GPC3 over-expression significantly reduced the expression
of b-catenin in the cytoplasm and the phosphorylation level of GSK3b in rectal cancer cells. **P < 0.01.
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radiation resistance of rectal cancer cells. MiRNA-96-5p is a
member of the miRNA-183 family, which are located in a cluster
on human chromosome 7q32. Studies have found that high
expression of miRNA-96 in gastric cancer (37), lung cancer (38),
colon cancer (39), ovarian cancer (40) and other malignant
tumors are closely related to the proliferation, invasion and
migration of cancer cells. In terms of response to irradiation,
Vahabi et al. (41) found that the over-expression of miRNA-96-
5p in head and neck squamous carcinoma cells was involved in
the regulation of adhesion, extracellular matrix and PI3K-Akt
signaling pathway, which enhanced the migration ability of
carcinoma cells as well as their resistance to radiotherapy and
chemotherapy. So far, however, there is no report on the
relationship between miRNA-96 and irradiation resistance of
rectal cancer. In this study, we found that HR-8348 cells had high
irradiation resistance by comparing the response ability of
different rectal cancer cell lines to irradiation. Among the four
miRNAs positively correlated with irradiation resistance, only
the expression level of miRNA-96-5p was consistent with the
trend of irradiation resistance of five rectal cancer cell lines.
Therefore, miRNA-96-5p was identified as the research object of
the cell experiment in this study.

In our study, LV10N-has-miR-96-5p-inhibitor lentivirus
plasmid was constructed, and HR-8348 cell lines with low-
expression of miRNA-96-5p were obtained. The clone
formation experiment under irradiation interference and cell
function experiments further confirmed that the high expression
of miRNA-96-5p is one of the reasons that lead to the high
irradiation resistance and aggressive phenotype of HR-8348 cells.
Therefore, we believe that the up-regulated expression of
miRNA-96-5p in rectal cancer cells plays a role of oncogene,
and the intervention of its expression might become a new way
to increase the irradiation sensitivity of rectal cancer cells.

To our knowledge, the regulation of biological cell functions
by miRNA is realized through the expression changes of target
genes. In this study, we screened and verified the target genes
regulated by miRNA-96-5p, and found that GPC3 was the target
gene directly regulated by miRNA-96-5p in HR-8348 cells. After
the over-expression of GPC3 gene in HR-8348 cells, we found
that the radiation sensitivity of rectal cancer cells was
significantly increased, which was consistent with our results of
miRNA-96-5p knockdown. It further proved that the regulation
of GPC3 by miRNA-96-5p in HR-8348 cells was one of the
reasons for its irradiation resistance. Current studies show that
the expression level and the biological role of GPC3 in different
cancer species are quite different, for example, it was highly
expressed in Wilms tumor (42), yolk sac tumor (43),
hepatocellular carcinoma (44) and clear cell ovarian cancer (45);
while its expression in mesothelioma (46), lung adenocarcinoma
(47), clear cell renal cancer (48), gastric cancer (49), and breast
cancer (50) was inhibited. In hepatocellular carcinoma, the up-
regulated expression of GPC3 was closely associated with
malignant behavior and poor prognosis of tumors (51, 52);
while in breast cancer, its over-expression not only inhibits
tumor invasion and metastasis, but also was related to the
decrease of cell viability and survivability, the increased
Frontiers in Oncology | www.frontiersin.org 1230
homogeneous adhesion (50) along with the transformation of
mesenchymal cells into epithelial cells (53). At present, there are
not many reports regarding the relationship between GPC3 and
the biological behavior of colorectal cancer. Yuan et al. found that
the increased expression of GPC3 in colorectal cancer was related
to tumor invasion and lymph node metastasis (54), while Foda
et al. believed that GPC3 and E-cadherin expression in colonic
non-mucinous adenocarcinoma were significantly correlated, but
not related to DFS and OS (55). Therefore, the relationship
between the expression of GPC3 and the biological behavior of
colorectal cancer remains to be further studied. In our study, we
found that HR-8348 cells with down-regulated miRNA-96-5p was
significantly reduced in their proliferation, migration, and
invasion abilities compared with the untransfected HR-8348
cells, while GPC3 expression was significantly up-regulated in
the transfected cells, which indirectly suggested that GPC3 might
play a nonaggressive phenotype effect in rectal cancer cells.

Activation of the Wnt/b-catenin signal transduction pathway
promotes irradiation resistance in a variety of malignant tumors,
including rectal cancer, which has been demonstrated in several
studies (56–59). The present study also supports this view by
analyzing the enrichment signaling pathways that influence
irradiation resistance in rectal cancer. Our results showed that
neither the expression of b-catenin nor GSK-3b found statistical
differences among the three cell lines. However, further detection
of b-catenin expression in the cytoplasm found that the ratio of
b-catenin expression in the cytoplasmic to the total expression in
HR-8348-IN cells was 2 times lower than that in HR-8348 cells,
and the ratio of p-GSK-3b to GSK-3b in HR-8348-IN cells was
nearly 5 times lower than in HR-8348 cells. Although no studies
have been reported on the regulation of miRNA-96 on b-catenin,
GSK-3b and p-GSK-3b, However, based on the above results, it
can be speculated that miRNA-96-5p may affect the expression
of key genes on the Wnt/b-catenin signal transduction pathway
through some direct or indirect way.

To confirm this hypothesis, we examined the expression of c-
Myc (60, 61) and CD44 (62–64), downstream genes of the Wnt/
b-catenin signaling pathway, and found that the expression levels
of both genes in HR-8348-IN cells were significantly lower than
that in HR-8348 cells. At present, the existence of tumor stem
cells in solid tumors is an important factor leading to irradiation
resistance of patients has become the basic consensus in the
radiotherapy field. Previous studies have shown that both c-Myc
(65, 66) and CD44 (67–71) have the characteristics of tumor
stem cell marker factors, so we believe that the two genes are
eligible for irradiation resistance markers. In fact, the positive
correlation between the expression level of these two genes and
tumor irradiation resistance has also been confirmed in several
studies (72–77). Therefore, we speculated that the regulation of
miRNA-96-5p on irradiation resistance of rectal cancer cells was
not only related to the abnormal activation of Wnt signal
transduction pathway, but also may be related to the “stem”
characteristics of tumor cells.

In this study, we found that GPC3 was the target gene directly
regulated by miRNA-96-5p in HR-8348 cells. Up to now, there
has been no report on the relationship between GPC3 and tumor
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response to irradiation. Previous studies have shown that the
expression of GPC3 was indeed correlated with the activity of the
Wnt/b-catenin signaling pathway (78–82). However, studies
found that the relationship between GPC3 and Wnt/b-catenin
in malignant tumors varies according to tumor types. For
example, Gao et al. found that GPC3 can regulate tumor
proliferation and progression through activation of Wnt/b-
catenin signaling pathway in liver cancer (83). Wang et al.
found that the up-regulation of GPC3 in lung squamous cell
carcinoma enhanced the expression of b-catenin, promoted cell
growth and tumorigenesis, and inhibited cell apoptosis (84). In
contrast to these results, Stigliano et al. found that GPC3
inhibited the Wnt/b-catenin signaling pathway involved in the
regulation of breast cancer cell proliferation and survival (85). As
previously mentioned, a large number of studies have confirmed
that there is a positive correlation between Wnt/b-catenin
activation and tumor irradiation resistance. Our results showed
that the up-regulated of GPC3 inhibited the expression of key
genes on the Wnt/b-catenin pathway and enhanced the radiation
sensitivity of HR-8348, which was consistent with the results
after the down-regulation of miRNA-96-5p. Therefore, we
speculated that there may be a regulatory system of miRNA-
96-5P/GPC3/Wnt/b-catenin in rectal cancer cells. This system
may be an important factor in regulating the radiation
responsiveness ability of rectal cancer cells.

Although we obtained miRNAs that are positively correlated
with radiation resistance in rectal cancer, there are still some
limitations in this study. First of all, due to the relatively small
sample size used for miRNAs microarray screening, the
generality of this result still needs to be verified in subsequent
studies. In addition, among the miRNAs which were positively
correlated with radiation resistance screened in this study, only
miRNA-96-5p was successfully verified in cell experiments.
Previous studies (86–88) have shown that miRNA-96-5p, as a
member of the miRNA-183 family, is often co-expressed with
miRNA-182 and miRNA-183 in the same tumor. Although this
phenomenon was also confirmed in our miRNAs microarray
results, the co-expression phenomenon was not detected in
subsequent cell experiments, the mechanism needs to be
further explored. Thirdly, differentially expressed miRNA-96-
5p was found to affect the expression of b-catenin in the
cytoplasm and the phosphorylation level of GSK 3b, however,
the main purpose of this study was to screen out the miRNAs
which were positively correlated with irradiation resistance of
rectal cancer and the target genes regulated by them, the
regulatory effect (direct or indirect) of miRNA-96-5p on these
genes were not further analyzed and need to be explored in
follow-up studies.

In conclusion, the present study showed that miRNA-552 and
miRNA-183 families play a positive regulatory role in irradiation
Frontiers in Oncology | www.frontiersin.org 1331
resistance of rectal cancer, and abnormal activation of Wnt/b-
catenin signal transduction pathway is involved in this process.
The down-regulated expression of GPC3 gene directly regulated
by miRNA-96-5p might be one of the reasons for irradiation
resistance of rectal cancer cells, and this effect may be related to
the activity changes of Wnt/b-catenin signal transduction
pathway. MiRNAs, which are related to irradiation resistance
of rectal cancer in this study, may serve as a reminder for this
field. But the results of the regulation of miRNA-96-5p on the
GPC3 gene need to be verified in clinical practice.
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We evaluated the predictive value of semiquantitative volumetric parameters derived from
sequential PET/CT and developed a nomogram to predict pathological complete response
(pCR) in patients with rectal cancer treated by neoadjuvant chemoradiotherapy (nCRT). From
April 2008 to December 2013, among the patients who underwent nCRT, those who were
taken sequential PET/CT before and after nCRT were included. MRI-based staging and
semiquantitative parameters of PET/CT including standardized uptake value (SUV), metabolic
tumor volume (MTV), and total lesion glycolysis (TLG) were evaluated before and after nCRT.
Multivariable analysis was performed to select significant predictors to construct a nomogram.
Sensitivity, specificity, accuracy, and area under the receiver operating characteristics curve
(AUC) of themodel were evaluated to determine its performance. Among 137 eligible patients,
17 (12.4%) had pCR. All post-PET/CT parameters showed significant differences between
pCR and non-pCR groups. Patients were randomly assigned to a training group (91 patients)
and a validation group (46 patients). In multivariable analysis with the training group,
post-CEA, post-MRI T staging, post-SUVmax, and post-MTV were significantly associated
with pCR. There was no significant pre-nCRT variable for predicting pCR. Using significant
predictors, a nomogram was developed. Sensitivity, specificity, accuracy, and AUC of the
nomogram were 0.882, 0.808, 0.848, and 0.884 with the training group and 0.857, 0.781,
0.783, and 0.828 with the validation group, respectively. This model showed the better
performance than other predictive models that did not contain PET/CT parameters. A
nomogram containing semiquantitative post-PET/CT could effectively select candidates for
organ-sparing strategies.

Keywords: locally advanced rectal cancer (LARC), neoadjuvant chemoradiotherapy, pathological complete
response (pCR), PET/CT, nomogram
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INTRODUCTION

Colorectal cancer is one of the most commonly diagnosed
malignancies. It is the major cause of cancer-related deaths in
the world according to reports of the World Health Organization
(1). In 2020, 732,210 new cases of rectal cancer were diagnosed
with 339,022 deaths due to rectal cancer. The current standard
treatment for non-metastatic locally advanced rectal cancer
(LARC) is a preoperative or neoadjuvant long-course
concurrent chemoradiotherapy (nCRT) followed by radical
surgery at intervals of 8–12 weeks (2). After completion of
nCRT, approximately 15–20% patients achieve pathological
complete response (pCR) defined as an absence of any residual
cancer cells (ypTxN0M0) in the surgical specimen (3, 4). Because
radical surgery for rectal cancer causes significant morbidity and
deteriorates patients’ quality of life, causing fecal, urinary, or
sexual dysfunction and permanent stoma in some cases, organ-
sparing strategies such as “wait-and-see” (5–7) and transanal
local excision (8–10), have been recently proposed. One of the
most important prerequisites to select appropriate candidates for
these conservative strategies is the construction of a reliable
prediction model for pCR without pathological information of
surgical specimens. Although many efforts have been made to
identify robust clinical predictors for pCR, any single modality
has not been validated to present a sufficient predictive power.
Although serum level of carcinoembryonic antigen (CEA) could
be easily and rapidly evaluated, its false-positive rates cause
concerns (11). Magnetic resonance imaging (MRI) has
advantages on excellent spatial resolution enabling anatomical
diagnosis for depth of tumor invasion and identification of
lymph nodes (12). However, without diffusion and intravenous
contrast MRI has a limited role in evaluating the viability
of tumor.

PET/CT is a well-established imaging modality for cancer
evaluation. It is advantageous in presenting the physiological
process of a tumor, thereby distinguishing the remained viable
tumor tissue from the fibrosis induced by radiation.
Recent studies have revealed that several semiquantitative
metabolic and volumetric parameters derived from PET/CT,
including metabolic tumor volume (MTV), total lesion
glycolysis (TLG), and standardized uptake value (SUV), are
significantly associated with therapeutic responses in several
types of cancer (13–16).

In this study, we evaluated the predictive efficacy of
semiquantitative metabolic and volumetric parameters derived
from sequential PET/CT taken before and after nCRT in patients
with LARC. In addition, we developed and validated a pCR-
predicting nomogram incorporating PET/CT parameters with
other clinical features including CEA and MRI findings.
MATERIALS AND METHODS

Patient Selection
Among non-metastatic primary rectal cancer patients with
clinical T3/T4 stage, or lymph node involvement treated with
Frontiers in Oncology | www.frontiersin.org 236
nCRT followed by curative resection at Samsung Medical Center
from April 2008 to December 2013, those who underwent
sequential PET/CTs taken before and after nCRT were
included in this study. All patients were staged with standard
examinations at the initial workup, including digital rectal
examination, endoscopic ultrasound, rigid proctoscopy,
abdominopelvic computed tomography (CT), pelvic MRI,
serum level of CEA, and PET/CT. After completion of nCRT,
blood test for CEA, MRI, and PET/CT were performed.
Informed consent was obtained from all participants to
preserve their clinical data in a form of a database to use in
future research regarding colorectal cancer. Data were extracted
from the Clinical Data Warehouse Darwin-C of Samsung
Medical Center for this study. This retrospective study design
was approved by the Institutional Review Board (IRB) of
Samsung Medical Center (Number: 2019-12-056).

Neoadjuvant Chemoradiotherapy
and Surgery
The use of nCRT was decided by a multidisciplinary team
consisting of colorectal surgeons, medical oncologists, and
radiation oncologists. Radiation was administered to the whole
pelvic field at a total dose of 50.4 Gy in 25 fractions.
Chemotherapy was administered concurrently with radiation
based on 5-fluorouracil (5-FU) or capecitabine. 5-FU (425 mg/
m2/day) and leucovorin (20 mg/m2/day) were administered
intravenously for 5 days during the first and fifth weeks of
radiotherapy. Oral capecitabine (825 mg/m2/day) was
administered twice daily during the period of radiotherapy. All
patients underwent curative resection with 8 weeks of intervals
from the completion of nCRT. Surgery was performed by
experienced colorectal surgeons following principles of total
mesorectal excision.

MRI Staging and Pathological Staging
All MRI reports were retrospectively reviewed. Tumors with
definite invasion to mesorectal fascia were defined as T4 stage.
Tumors with invasion into perirectal fat tissues without reaching
the mesorectal fascia were defined as T3 stage. Tumors without
evidence of invasion to perirectal fat tissue and confined in
muscle layer or within the mucosa were defined as T1–T2.
Tumors with one or more probable or definite metastatic
lymph node enlargement were defined as N+. Pathological CR
was defined as ypTxN0M0.

18F-FDG PET/CT Imaging and
Interpretation
Baseline 18F-FDG PET/CT was performed at 7–10 days before
the induction of nCRT. Follow-up PET/CT was performed at 4–
5 weeks after the completion of nCRT. Patients fasted for at least
6 h before the PET/CT study. Blood glucose levels were
measured. They were required to be <200 mg/dl. Whole-body
PET and unenhanced CT images were acquired using a PET/CT
scanner (Discovery STE, GE Healthcare, Milwaukee, WI, USA).
Whole-body CT was performed using a 16-slice helical CT with
30–170 mAs adjusted to the patient’s body weight at 140 kVp
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and 3.75-mm section width. After the CT scan, an emission scan
was performed from the thigh to the head for 2.5 min per frame
in three-dimensional mode, at 60 min after the intravenous
injection of 18F-FDG (5.5 MBq/kg). PET images were
reconstructed using CT for attenuation correction using
ordered subsets expectation–maximization algorithm (20
subsets, two iterations) with a voxel size of 3.9 × 3.9 × 3.3 mm.
The SUV was normalized to the patient’s body weight. Volume-
based assessments of 18F-FDG PET/CT were performed using a
volume viewer software on a GE Advantage Workstation version
4.4. We placed a volume of interest over the primary tumor using
a threshold SUV of 2.5 for tumor segmentation because this
cutoff value is generally considered to be indicative of malignant
tissue regardless of the scanner (15). The software then measured
SUVmax, mean SUV (SUVmean), a standard deviation of SUV
(SUVsd), and MTV. TLG was calculated by multiplying SUVmean

by MTV. D value was defined as the difference between pre-PET/
CT parameters and post-PET/CT parameters divided by
pre-PET/CT parameters.

Statistical Analysis
Statistical differences between groups were calculated using
Student’s t-tests for continuous variables and c2 test or Fisher’s
exact test for categorical variables. Patients were divided to training
and validation groups by random sampling with a ratio of 2:1.
Univariable logistic regression analysis for the training group was
performed with cell differentiation, and pre- and postvalue of CEA,
MRI T stage, MRI N stage, SUVmax, SUVmean, SUVsd, MTV, and
TLG. Multivariable regression analysis for the training group was
performed using variables showing significant associations (p <
0.05) with pCR in univariable regression analysis.

Patients were randomly assigned to a training group or a
validation group with a ratio of 2:1. Predictive models were
constructed using a training group and evaluated the efficacy in a
validation group. A nomogram was established based on results
of multivariable regression analysis. Other models that excluded
PET/CT parameters in explanatory variables were also fitted and
compared with the nomogram. The model containing CEA only,
CEA with MRI staging, and CEA with MRI staging and PET/CT
parameters as explanatory variables were named as “CEA”
model, “CEA + MRI” model, and “CEA + MRI + PET/CT”
model, respectively. Performances of these models were
evaluated in terms of sensitivity, specificity, accuracy, and area
under the receiver operating characteristic curve (AUC). Survival
analyses were performed using the Kaplan–Meier method.
Survival differences between groups were evaluated using the
log-rank test. All statistical analyses were performed using R
version 3.5.0. software (http://www.r-project.org, R Foundation
for Statistical Computing, Vienna, Austria). All p < 0.05 were
considered statistically significant.
RESULTS

Among the 318 patients with rectal adenocarcinoma who
underwent curative resection, 145 (45.6%) performed sequential
Frontiers in Oncology | www.frontiersin.org 337
18F-FDG PET/CT before and after nCRT. After excluding 3 (2.1%)
patients who underwent emergent surgery due to obstruction, 3
(2.1%) patients who had multiple primary colorectal cancers, and
2 (1.4%) patients who were diagnosed as metastatic diseases at the
post-PET/CT, a total of 137 patients were finally recruited
(Table 1). The number of patients who achieved pCR was 17
(12.4%). The median pre-CEA was 1.5 ng/ml in the pCR group
and 2.9 ng/ml in the non-pCR group (p = 0.005). The pCR group
also had significantly lower post-CEA (1.0 vs. 1.6 ng/ml, p =
0.012). The number of patients with post-MRI Tx was 8 (47.1%) in
the pCR group and 17 (14.2%) in the non-pCR group (p = 0.001).
Proportions of patients with post-MRI N(−) stage were not
significantly different between the two groups (17.6% vs. 5.0%,
p = 0.148). Moreover, pre-PET/CT parameters showed no
significant differences between the two groups. However, post-
SUVmax, SUVmean, SUVsd, MTV, and TLG were significantly
lower in the pCR group than in the non-pCR group.

In comparison between training group containing 91 (66.4%)
patients and validation group containing 46 (33.6%) patients,
age, sex, body mass index, pre- and post-CEA, cell
differentiation, pre- and post- MRI T and N staging, and pre-
and post- PET/CT parameters showed no significant. The rate of
pCR was 11.0% (10/91) in the training group and 15.2% (7/46) in
the validation group. Univariable regression analysis of the
training group revealed that pre-CEA, post-CEA, post-MRI T
staging, post-SUVmax, post-SUVmean, post-MTV, post-TLG,
and DSUVmax were significantly correlated with pCR. In
multivariable regression analysis using these variables, post-
CEA, post-MRI T staging, post-SUVmax, and post-MTV were
independent predictors for pCR (Table 2). A nomogram
incorporating these independent predictors was developed
(Figure 1). Each value or category within these factors was
assigned a score on the point scale bar. After obtaining the
total score, a vertical line was drawn downwards from the total
point scale bar to produce probability for pCR. For example,
suppose a virtual patient whose post-CEA is 1 ng/ml, post-MRI T
stage is Tx, post-SUVmax is 4, and post-MTV is 20 (Figure 2).
The points for each item are 86, 50, 74, and 78, respectively, and
the total point is 288. Finally, the probability for pCR
corresponding to the total point of 288 is 0.82.

Sensitivity, specificity, accuracy, and AUC of nomogram were
0.882, 0.808, and 0.884, respectively (Table 3 and Figure 3A). To
validate the nomogram, it was adopted to patients in the
validation group to evaluate the performance (Table 4 and
Figure 3B). Sensitivity, specificity, accuracy, and AUC of the
nomogram were 0.857, 0.781, 0.783, and 0.828, respectively.

Without PET/CT parameters, we also construed other
prediction models including “CEA” model and “CEA + MRI”
model using the training group. “CEA” model contained post-
CEA only, and “CEA + MRI” model had post-CEA with post-
MRI T staging as explanatory variables. AUC was 0.689 for the
“CEA”model and 0.831 for the “CEA + MRI”model, lower than
that of the nomogram at 0.884 (Table 3 and Figure 3A).
With the validation group, the AUC was 0.544 for the “CEA”
model and 0.777 for the “CEA + MRI” model, also lower than
that of the nomogram at 0.828 (Table 4 and Figure 3B).
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The median follow-up period was 87 months. Oncological
outcomes were compared between pCR and non-pCR groups
(Figure 4). Three-year disease-free survival rate was 100% for the
pCR group and 76.3% for the non-pCR group (p = 0.02). Three-
year overall survival was 100% for the pCR group and 93.2% for
the non-pCR group (p = 0.23).
Frontiers in Oncology | www.frontiersin.org 438
DISCUSSION

The clinical evidence for excellent prognosis of patients with pCR
has been well established (17). Our data also revealed that 5-year
disease-free survival and overall survival of patients with pCR
were 100%. Therefore, we could infer that oncological outcomes
TABLE 1 | Comparisons of clinicopathological characteristics of patients who achieved pathological complete response and those who did not.

pCR (n = 17) Non-pCR (n = 120) p-value

Age, n (%) 0.368
≥65 2 (11.8) 30 (25.0)
<65 15 (88.2) 90 (75.0)

Sex, n (%) 0.982
Male 11 (64.7) 82 (68.3)
Female 6 (35.3) 38 (31.7)

BMI, mean (SD), kg/m2 25.1 (3.4) 24.2 (3.0)
Pre-CEA, median (IQR), ng/ml 1.5 (1.1–2.6) 2.9 (1.7–4.1) 0.005
Post-CEA, median (IQR), ng/m 1.0 (0.6–1.5) 1.6 (1.0–2.3) 0.012
Cell differentiation, n (%) 1.000
WD/MD 15 (88.2) 104 (86.7)
PD/Mucinous 2 (11.8) 16 (13.3)

Pre-MRI T stage, n (%) 0.129
T1 or T2 6 (35.3) 19 (15.8)
cT3 8 (47.1) 64 (53.3)
cT4 3 (17.6) 37 (30.8)

Pre-MRI N stage, n (%) 0.821
N− 1 (5.9) 2 (1.7)
N+ 16 (94.1) 118 (98.3)

Post-MRI T stage, n (%) 0.001
Tx 8 (47.1) 17 (14.2)
T1 or T2 6 (35.3) 21 (17.5)
T3 2 (11.8) 65 (54.2)
T4 1 (5.9) 17 (14.2)

Post-MRI N stage, n (%) 0.148
N− 3 (17.6) 6 (5.0)
N+ 14 (82.4) 114 (95.0)

Pathologic T stage, n (%) <0.001
ypTx 17 (100) 2 (1.7)
ypT1 0 4 (3.3)
ypT2 0 50 (41.7)
ypT3 0 63 (52.5)
ypT4 0 1 (0.8)

Pathologic N stage, n (%) 0.01
ypN0 17 (100) 76 (63.3)
ypN1 0 34 (28.3)
ypN2 0 10 (8.3)

Pre-SUVmax, median (IQR) 13.3 (10.7–16.6) 14.4 (9.7–17.9) 0.739
Pre-SUVmean, median (IQR) 6.2 (4.9–7.8) 8.0 (4.9–9.2) 0.195
Pre-SUVsd, median (IQR) 2.8 (1.8–3.5) 2.3 (1.8–2.9) 0.601
Pre-MTV, median (IQR) 18.0 (6.1–29.5) 19.8 (14.0–32.6) 0.245
Pre-TLG, median (IQR) 77.0 (55.9–236.2) 122.3 (75.7–216.1) 0.249
Post-SUVmax, median (IQR) 3.1 (2.2–4.6) 6.8 (4.0–9.8) 0.005
Post-SUVmean, median (IQR) 2.8 (2.6–3.2) 3.2 (2.7–3.9) 0.035
Post-SUVsd, median (IQR) 0.4 (0.4–0.6) 0.7 (0.5–1.0) <0.001
Post-MTV, median (IQR) 2.4 (1.3–4.8) 6.1 (3.8–12.7) 0.020
Post-TLG, median (IQR) 0.5 (3.8–13.0) 12.8 (6.0–33.1) 0.019
DSUVmax, median (IQR) 72.1 (57.5–76.5) 60.0 (48.2–69.8) 0.015
DSUVmean, median (IQR) 60.6 (43.9–72.2) 44.7 (34.1–58.3) 0.022
DSUVsd, median (IQR) 81.2 (66.3–87.5) 66.7 (54.9–78.5) 0.005
DMTV, median (IQR) 82.9 (50.3–92.1) 79.5 (57.9–90.8) 0.659
DTLG, median (IQR) 93.8 (79.1–96.8) 87.7 (75.7–95.2) 0.221
October 2021 | Volume 11 | Article
pCR, pathological complete response; BMI, body mass index; SD, standard deviation; CEA, carcinoembryonic antigen; IQR, interquartile range; WD, well differentiation; MD, moderately
differentiation; PD, poorly differentiation; MRI, magnetic resonance imaging; SUV, standardized uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis.
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of these patients may not be compromised by the application of
organ-sparing strategies. To select these patients accurately, we
considered several clinical variables. Most of all, this study
evaluated predictive values of semiquantitative volumetric and
metabolic parameters derived from pre- and post-PET/CT for
pCR in patients with LARC who underwent nCRT. Our findings
demonstrated that not pre-PET/CT, but post-PET/CT
parameters were significantly correlated with pCR. Our results
also revealed that post-SUVmax and post-MTV and CEA and
post-MRI T staging were independent predictors in
multivariable regression analysis. A nomogram incorporating
post-PET/CT parameters with post-CEA and post-MRI T
staging features was successfully developed and validated, with
predictive performances of AUC 0.884 and 0.828 for the training
group and the validation group, respectively. Because
performances of the nomogram were better than other models
that did not contain PET/CT parameters, the addition of PET/
Frontiers in Oncology | www.frontiersin.org 539
CT variables, especially post-SUVmax and MTV, could improve a
model’s predictive power for pCR.

Interestingly, our results demonstrated that pre-nCRT
variables were not correlated with pCR in multivariable
regression. Ryan et al. have performed a systematic review for
predicting pCR using pre-nCRT variables in LARC (18).
They selected 85 articles addressing the prediction of pCR with
clinical, radiological, and molecular characteristics. Although
some studies in their review suggested that pre-CEA, pre-MRI
parameter, specific mutation profiles, and/or protein expression
profiles of tumors were associated with pCR, no robust solitary
pre-nCRT marker was identified. Moreover, no studies have
confirmed the significant predictability of pre-PET/CT
parameters for pCR in the review, corresponding to results of
the present study.

Because radiation-related tumor shrinkage effect is time-
dependent phenomenon, the optimal timing of restaging and
surgery after nCRT completion has long been a critical issue.
Although a minimum of 6–8 weeks interval to surgery is
commonly recommended to maximize a tumor downsizing
and pCR rates, a consensus or clinical guidelines regarding the
best timing for assessment of tumor response to nCRT is still
lacking. Perez et al. conducted a clinical trial to estimate the
metabolic activity at 6 and 12 weeks after nCRT by PET/CT (19).
The patients were treated with long-course nCRT and underwent
three PET/CT at baseline, 6 weeks, and 12 weeks from nCRT
completion. In the results of the study, SUVmax decreased until 6
weeks for both good responders and bad responders, remained
identical or further decreased from 6 to 12-week PET/CT
imaging for good responders, and showed a rise from 6 to 12-
week PET/CT imaging for bad responders. This study also
showed that a decrease between early (1 h) and late (3 h)
SUVmax at 6-week PET/CT imaging could predict good
responders with an accuracy of 67%. Gasinska et al. also
TABLE 2 | Multivariable regression models for pathologic complete response in
the training group.

Odds ratio 95% confidence interval p-value

Post-CEA 2.503 1.107–6.918 0.048
Post-MRI T stage
T1–2 vs. Tx 0.960 0.240–3.823 0.954
T3 vs. Tx 5.312 1.878–64.93 0.011
T4 vs. Tx 8.893 0.730–110.0 0.152

Post-SUVmax 1.547 1.068–2.493 0.041
Post-MTV 1.187 1.113–1.486 0.039
CEA, carcinoembryonic antigen; MRI, magnetic resonance imaging; SUV, standardized
uptake value; MTV, metabolic tumor volume.
FIGURE 1 | Nomogram for predicting pathologic complete response. A point
for each predictor can be read out along the top scale bar, ‘Points’. The sum
of points or total points is converted to the ‘probability for pCR. pCR’ (CEA,
carcinoembryonic antigen; MRI, magnetic resonance imaging; SUVmax,
maximum value of standardized uptake value; MTV, metabolic tumor volume;
pCR, pathologic complete response).
FIGURE 2 | Application of nomogram for a virtual patient.
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showed that repopulation of tumor cells occurred 4 weeks after
nCRT completion (20). In this study, post-PET/CT was
conducted 4–5 weeks after nCRT completion based on the
results of the previously said studies. However, to establish
robust evidence for an optimal timing for reassessment by
PET/CT after long-course nCRT completion, a well-designed
randomized controlled trials should be conducted.

Although follow-up or restaging imaging with MRI has been
routinely recommended in clinical guidelines, the clinical benefit
and usefulness of restaging PET/CT have yet to be established
(12, 21, 22). Recently, some studies have shown that the
predictive power of post-nCRT variables may be better than
those of pre-nCRT variables, meaning that post-nCRT clinical or
imaging features could provide more valuable information
regarding the response to nCRT (23–27). Moreover, restaging
with PET/CT could even detect newmetastatic lesions after long-
course nCRT in some patients with non-pCR (25).
Frontiers in Oncology | www.frontiersin.org 640
However, as mentioned above, no modality including MRI or
PET/CT was confirmed as a single significant predictor for pCR.
Therefore, researchers tried to integrate several markers to
improve the performance of predicting models. Ren et al. have
constructed a nomogram for predicting pCR in patients treated
by neoadjuvant mFOLFOX6 with radiotherapy, known as total
neoadjuvant therapy (TNT) (28). These patients were
participants in the FOWARC trial (29). Their nomogram
contained variables of tumor differentiation, mesorectal fascia
status evaluated by pre-MRI, regimen of nCRT, and tumor size.
However, they did not consider PET/CT parameters. Although
their nomogram showed good statistical performance for
predicting the probability of pCR with C-index of 79.34%, it
might be due to a relatively high pCR rate (17.9%) caused by
more aggressive neoadjuvant therapy regimen compared to
standard nCRT. Considering that high pCR rate itself could
improve the accuracy of predicting models in statistics, our
A B

FIGURE 3 | Receiver operating characteristic (ROC) curve analysis to evaluate the predictive power of models in (A) training group and (B) validation group. (CEA,
carcinoembryonic antigen; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography).
TABLE 4 | Performances of models for the validation group.

Sensitivity Specificity Accuracy AUC

CEA 0.857 0.410 0.501 0.544
CEA + MRI 0.714 0.795 0.783 0.777
CEA + MRI + PET/CT (nomogram) 0.857 0.781 0.783 0.828
Octo
ber 2021 | Volume 11 | Article 7
CEA, carcinoembryonic antigen; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography.
TABLE 3 | Performances of models for the training group.

Sensitivity Specificity Accuracy AUC

CEA 0.706 0.467 0.518 0.689
CEA + MRI 0.882 0.858 0.839 0.831
CEA + MRI + PET/CT (nomogram) 0.882 0.808 0.848 0.884
CEA, carcinoembryonic antigen; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography.
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nomogram showing an accuracy of 78.3% in the patient cohort
with pCR rate of 12.4% might have potential to show better
performance in the patient cohort treated by TNT known to
induce a higher pCR rate.

It has been known that MRI and PET/CT have comparable
diagnostic performance for the prediction of pCR (30). Joye et al.
have conducted a systematic review for studies on the role of
diffusion-weighted MRI and PET/CT in the prediction of pCR
and concluded that diffusion-weighted MRI or PET/CT alone is not
accurate in prediction of pCR, although it has strength in the
identification of non-pCR (31). In their study, integration of MRI
and PET/CT was not considered. Because both modalities showed
complimentary results in many studies, 18-F FDG PET/MRI was
suggested as a solution to increase the sensitivity by adding MRI
parameters to PET parameter, and the initial experience was
reported recently (32). However, this technique has some
disadvantages compared to other hybrid imaging techniques
including lack of protocol and standardization, limited flexibility
of combined PET/MRI systems, and requirement of high cost. In
addition, several technical challenges such as the addition of PET
components to the system in the presence of strong magnetic field
fromMR have remained to be widely used in clinical practices (33).

As PET/MR technically integrates PET and MRI, our
nomogram statistically integrates their outputs. Because post-
MRI could precisely determine the tumor’s depth of invasion,
post-MRI T staging was a significant predictor for pCR in our
study. However, the accuracy of post-MRI N staging was limited
because MRI could only assess the size and shape of a lymph
node instead of its physiologic activity. This limitation of MRI
was supplemented by semiquantitative parameters of post-PET/
CT. SUVmax, the maximum voxel value of SUV in the target
lesion, is the most valuable and common parameter of PET/CT.
However, it does not reproduce the whole metabolic tumor
burden. In addition, it is vulnerable to various noises generated
by several factors, including patient characteristics (34). MTV is
Frontiers in Oncology | www.frontiersin.org 741
a measurement of functional tumor volume with high metabolic
activity. TLG is a product of MTV and mean SUV. These
semiquantitative volumetric parameters could represent
metabolic activity of the tumor better than SUVmax (13–16). In
recent years, several studies have analyzed predictive values of
MTV and TLG for pCR in LARC (35–37). However, no
parameter alone was sufficiently effective to play a secure role
in selecting patients with pCR. For the above-mentioned reasons,
we incorporated all parameters derived from PET/CT with MRI
features into the nomogram.

This study had some limitations. First, because this study was
conducted retrospectively and the cohort did not represent all
consecutive patients with LARC treated in this center, the
inclusion of patients might have been affected by selection bias.
Second, results of this single-center analysis based on a small
number of patients lacked generalizability. Especially, an external
validation using a test group or patients outside this center was not
performed. Third, calculating parameters of PET/CT was laborious
to be easily applied to real-world practice. Moreover, as it was
performed by expert nuclear medicine physicians, it may raise
concerns regarding interobserver variability issues. Further well-
designed multicenter prospective studies are warranted to confirm
the predictive role of this nomogram. Fourth, because the PET/CT
has fundamentally limited performance on spatial resolution and
the resulting partial volume effect, PET/CT parameters of the small
lesions may be underestimated, and this false negativity may
exaggerate the probability for pCR in a nomogram. Therefore, if
the post-SUVmax or post-MTV of the lesion was too low or not
detected while post-MRI T stage was obviously greater than T1–T2,
the results of nomogram should be cautiously interpreted.

In conclusion, post-PET/CT parameters including post-
SUVmax and post-MTV have significant predictive values for
pCR. A nomogram incorporating semiquantitative post-PET/CT
parameters with post-MRI features could effectively select
candidates for organ-sparing strategies.
A B

FIGURE 4 | Kaplan-Meier survival curve analysis for (A) disease-free survival and (B) overall survival in patients with or without pathologic complete response. (pCR;
pathologic complete response).
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Background: Tumor-infiltrating immune cells (TIICs) play a key role in immunoregulatory
networks and are related to tumor development. Emerging evidence shows that these
cells are associated with sensitivity to chemotherapy and radiotherapy. However, the
predictive role of TIICs in the outcomes of neoadjuvant chemoradiotherapy (nCRT) for
locally advanced rectal cancer (LARC) is unclear.

Methods: Imaging mass cytometry (IMC) was performed to comprehensively assess the
immune status before nCRT in 6 patients with LARC (3 achieved pathological complete
response (pCR), 3 did not) with matched clinicopathological parameters.
Immunohistochemistry (IHC) for CD8, CD163 and Foxp3 on biopsy samples from 70
patients prior to nCRT and logistic regression analysis were combined to further evaluate
its predictive value for treatment responses in an independent validation group.

Results: A trend of increased CD8+ cytotoxic T lymphocytes (CTLs) and decreased
CD163+ tumor-associated macrophages (TAMs) and Foxp3+ regulatory T cells (Tregs) in
the pCR group was revealed by IMC. In the validation group, CTLs and TAMs were strong
predictors of the clinical response to nCRT. High levels of CTLs were positively associated
with the pCR ratio (OR=1.042; 95% CI: 1.015~1.070, p=0.002), whereas TAMs were
correlated with a poor response (OR=0.969; 95% CI: 0.941~0.998, p=0.036). A high
density of TAMs was also associated with an advanced cN stage.
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Conclusion: CTLs in the tumor microenvironment (TME) may improve the response to
nCRT, whereas TAMs have the opposite effect. These results suggest that these cells
might be potential markers for the clinical outcomes of nCRT and aid in the clinical
decision-making of LARC for improved clinical outcomes.
Keywords: cytotoxic T lymphocytes, tumor-associated macrophages, rectal cancer, neoadjuvant
chemoradiotherapy, pathological complete response
INTRODUCTION

Rectal cancer treatment depends on various factors, including
clinical stage, pathological grade, and patient age. For patients
who are diagnosed with locally advanced rectal cancer (LARC),
preoperative 5-fluorouracil-based chemoradiotherapy (CRT),
followed by surgery, has been recommended as the standard
treatment (1). Neoadjuvant CRT (nCRT) has been demonstrated
to reduce tumor size, make it easier to remove, and reduce the
risks of local recurrence and distant metastasis (2). Importantly,
pathological complete response (pCR), defined as no remaining
visible tumor cells in the surgical specimen on a histopathologic
assessment, has already been proven to be associated with
prolonged disease-free survival (DFS) and overall survival (OS)
(3). Unfortunately, the pCR ratio is only approximately 10-20%
in LARC patients who receive nCRT, and most of the patients
experience only mild to moderate tumor regression or even
progression following nCRT (4). Numerous studies have been
carried out to explore the mechanisms of the clinical response to
chemoradiotherapy (5–7), but the biomarkers that represent
nCRT sensitivity remain poorly understood; thus, further
studies are needed to improve the pCR ratio of nCRT.

Recently, emerging evidence has shown that the antitumour
effect of chemotherapy and radiotherapy is related to serious
immune-related mechanisms (8). CRT was proven to improve
the suppressive tumor microenvironment (TME) by suppressing
or eliminating immunosuppressive cells (8, 9). as well as prompt
tumor cells to release neoantigens, which results in the activation
and proliferation of cytotoxic T lymphocytes (CTLs) (10).
Respectively, the association between tumor-infiltrating
immune cells (TIICs) and sensitivity of nCRT got extensive
attention (11, 12). In breast cancer, circulating MDSC and Treg
subsets were higher in non-responders than responders in
patients after nCRT (9). Although studies above have
attempted to investigate the role that TIICs play in the process
of nCRT, their predictive value in LARC still needs to be
confirmed through more studies.

The tumor immune microenvironment (TIME) is a spatially
organized but complex ecosystem that is comprised of multiple
immune cell types. To interrogate the complexity of the TIME,
technologies were created to gauge the expression of multiple
proteins within a single cell. However, for routine laboratory
assays, such as flow cytometry, the tissue must be dissociated into
a cell suspension, thus leading to the loss of architecture, which
contains important bioinformatics information. This dilemma
drove the development of imaging mass cytometry (IMC), which
can solve the problems mentioned above (13, 14). IMC makes
245
use of heavy metal-conjugated antibodies that are ionized from
the surface of a tissue slide. Since rare-earth metals are not found
in biological tissues, IMC circumvents the spectral overlap
limitation in flow cytometry and allows a simultaneous
distinguishment of over 50 parameters at the single-cell level.
In addition, IMC retains spatial information, making it possible
to reveal tissue context and cellular interactions that show
distinct architecture in physiological and disease states.
Because of its superior advantages, IMC has been popularly
applied for the immunophenotyping of TMEs. This has greatly
promoted the discovery of rare cell subsets and the assessment of
the relationship between cellular phenotype diversity and
therapeutic outcomes. Currently, IMC has been extended to
mechanistic studies beyond phenotypic observations (15).

In the present study, to comprehensively assess the immune
status of LARC and its correlation to clinical outcomes after
nCRT, we developed a 12-antibody panel containing the major
TIIC subsets (including CD4+ T cells, CD8+ CTLs, Tregs, NK
cells, B cells, monocytes, and tumor-associated macrophages
(TAMs)) for the analysis of LARC biopsy samples by IMC.
Immunohistochemistry (IHC) and logistic regression analysis
were adopted for independent validation in a larger group. The
current study aimed to determine whether the density of
infiltrating immune cells pre-nCRT was correlated with the
subsequent treatment response and to allow more rational
therapeutic strategies to be developed in the future.
METHODS

Patients
This study retrospectively enrolled 76 patients (6 in the training
group, 70 in the validation group) with LARC who received
nCRT at the Fifth affiliated Hospital of Sun Yat-sen University
and Harbin Medical University Cancer Hospital between
December 2011 and September 2017. The inclusion criteria
were as follows: (1) complete information on medical records
and pathological confirmation of LARC; (2) stage II/III disease
by MRI or CT combined with endorectal ultrasound according
to the eighth edition of the American Joint Committee on Cancer
(AJCC) Staging Manual; (3) no previous history of cancer
surgery, pelvic radiotherapy or systemic chemotherapy; and (4)
no other history of a malignant tumor; (5) No patient had
autoimmune diseases, such as rheumatoid diseases, or other
serious diseases.

The immune statuses of six patients (3 who achieved pCR, 3
who did not) with matched clinicopathological parameters were
October 2021 | Volume 11 | Article 743540
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determined by IMC. We further enrolled 70 patients [14 who
achieved pCR, 56 who did not (all patients achieved partial
response or stable disease, no progressive disease)] with LARC in
this study for independent validation; a representative formalin-
fixed, paraffin-embedded (FFPE) sample was selected from each
rectal biopsy sample for immunohistochemical staining.

This experiment was approved by the Ethics Committee of
the Fifth affiliated Hospital of Sun Yat-sen University and Harbin
Medical University Cancer Hospital, and written informed
consent was obtained from all patients.

IMC
Four-micrometer-thick FFPE sections were stained with a panel
of 12 antibodies (Table 1). Briefly, tissue sections were dewaxed
with xylene and rehydrated sequentially with 100% to 70%
ethanol before cleaning with PBS. Heat-induced antigen
retrieval was performed in a pressure cooker for 9 min in Tris-
EDTA buffer (pH 9.0). The slides were cooled to room
temperature (RT) and then blocked at RT with 3% BSA for
1 h. At the same time, the antibody panel was prepared with the
antibody diluent solution. Each slide was incubated overnight
with all antibodies at 4°C. The next day, the slides were washed
with PBS containing 0.2% Triton-X 3 times, and DNA was
labelled with Intercalator-Ir (1:400 dilution) for 30 min at RT.
Before IMC acquisition, the slides were rinsed with ddH2O for 10
min and air dried for at least 20 min. The IMC assay was
purchased from Fluidigm. All IMC steps were performed in
accordance with instructions from the manufacturer. An area of
approximately 500 × 500 mm was selected based on bright field
images. Two or three regions of interest (ROIs) were selected for
each slide, depending on the size of the section. After the
Hematoxylin-eosine(HE) staining, the areas with the highest
concentration of immune cells were selected as ROIs. The
expression intensity of markers related to individual ROIs was
used as the input for further analysis.

Immunohistochemical Staining
Consecutive, 2.5-mm-thick FFPE sections were manually
subjected to immunohistochemical staining. Slides were
dewaxed with xylene, rehydrated with graded ethanol and then
immunohistochemically stained. The following primary
antibodies were used:

Anti-CD163 (1:500, ab87099, Abcam); Anti-CD8 (1:500,
ab4055, Abcam); and Anti-FOXP3 (1:300, ab20034, Abcam).

In brief, after tissue sections were dewaxed and rehydrated,
antigen retrieval was performed in a pressure cooker for 6 min in
Tris-EDTA buffer (pH 9.0). The cells were incubated with 0.3%
hydrogen peroxide for 30 min according to the manufacturer’s
instructions and then blocked with 3% BSA. The sections were
incubated with specific antibodies at 4°C overnight and then
labelled with an HRP-conjugated secondary antibody at RT for 1
h. Positive staining was observed with diaminobenzene substrate
solution, and then hematoxylin counterstaining was performed.

Under 400x magnification, the absolute number of CD8+
CTLs in the tumor stroma was counted by three of our authors
independently, and the average count was used for further
analysis. Only the areas with the highest intensity of
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infiltration within the stroma were selected for evaluation. A
similar method was used to determine the absolute number of
FoxP3+/CD163+ immune cells; that is, the number of cells was
calculated in the areas with the highest degree of infiltration.

Response to nCRT
In this study, downstaging was defined as a pathological stage
lower than the clinical stage based on an imaging examination
pretreatment. Patients were categorized into two groups
according to the different tumor responses: stage ypT0N0 was
defined as the group of patients who achieved pCR (pCR group),
and stage ypT1– 4N0/ypTanyN+ was defined as the group of
patients who did not achieve pCR (non-pCR group).

Statistical Analysis
Statistical analysis of the results was performed using (IBM, NY,
US), GraphPad Prism 8 (GraphPad Software Inc, CA,US). MCV
Viewer(Fluidigm, CA, US), CellProfiler (Whitehead/MIT, MA,
US) (16) and HistoCat (UZH, Zurich, Swit) (17) were used to
visualize and process the IMC data. Comparisons of the analysed
parameters were performed using the nonparametric Mann–
Whitney U test (for variables on the ordinal scale) or Student’s
t test (for variables on the interval scale). Spearman rank-order
correlation coefficients were used to assess correlations. Logistic
regression was used to estimate the odds ratios (ORs) and 95%
confidence intervals (CIs) for pCR according to the numbers of
CD8+ T cells, M2 macrophages and Tregs after adjusting for age
at diagnosis, cT stage (cT3 vs. cT4), cN stage (cN0 vs. cN+) and
the chemotherapy regimen (with oxaliplatin vs. without
oxaliplatin). Differences and associations were considered
statistically significant when P<0.05.
RESULTS

Patient Characteristics
A total of 76 patients (6 in the training group, 70 in the validation
group) with LARC who were treated with nCRT followed by
surgery were enrolled. The characteristics of the two groups of
patients are shown in Table 2.

In the training group, to minimize the impact of
clinicopathological parameters on the IMC results, a total of 6
patients with matched parameters were enrolled, and the
percentage roughly reflected the epidemiological situation. The
median age at surgery in the training group was 55 years and
ranged from 46 to 61 years. Four patients were male, and two
were in an early clinical T stage (cT3) but with lymph node
metastasis. Four patients with poorly/moderately differentiated
and ulcerative adenocarcinoma were selected, and two received a
chemotherapy regimen with oxaliplatin.

In the validation group, the median age at the time of surgery
was 57 years (range from 28 to 71 years), and 74.3% of subjects
were male. The majority of patients (67.1%) were in clinical T
stage 3, and 64.3% were assessed as having nodal involvement on
pretreatment CT and MRI scans. Poorly/moderately
differentiated (55.7%) and ulcerative (68.6%) adenocarcinomas
were the most common pathological types. Twenty-seven
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(38.5%) patients received chemotherapy containing oxaliplatin.
In all, 14 patients (20.0%) who achieved pCR following nCRT
were enrolled in this group.

The Immune Statuses of LARC Patients in
the pCR and Non-pCR Groups Who
Received nCRT
To comprehensively assess the role of TIICs in predicting the
pathological response of LARC patients who receive nCRT, IMC
was performed on six tumor tissues from LARC patients (3 who
achieved pCR, 3 who did not) before nCRT. Twelve markers
were measured per cell per slide. Figure 1A shows that TIICs
primarily infiltrated the stroma of LARC tissues, and T
lymphocytes and macrophages comprised the majority of
immune cells in tumors. t-Distributed stochastic neighbor
embedding (tSNE) (Figure 1B) was also employed to analyze
the distributions and characteristics of cells extracted from these
images and to identify the coexpression of these markers. tSNE
showed similar results, as we observed pseudocolored images
directly, and the majority of TIICs consisted of T cells and
macrophages. Both CD3+ total T cells and CD4+ T cells(a subset
of total T cells) include several subsets, and researches have
Frontiers in Oncology | www.frontiersin.org 447
proven that different roles exerted by different subsets in tumor
progression (18). Thus, the anti-tumor CD8+ CTLs and pro-
tumor Tregs were selected for further study. As the same reason,
CD163+ M2 macrophages, a subset of CD14+ monocytes/
macrophages (including anti-cancer M1 macrophages and pro-
cancer M2 macrophages) (19), were further validated. The
expression intensities of these 3 markers in each ROI were
used as input for the statistical analysis. A higher trend of
CTLs was observed in patients who achieved pCR, and a
higher density of TAMs and Tregs was observed in patients
who did not (Figure 1C).

The Associations Between
Tumor-Infiltrating CD8+ Cytotoxic T
Lymphocytes, CD163+ M2 Macrophages,
and Foxp3+ Tregs by Nonparametric
Testing
To further validate the role of CTLs, TAMs and Tregs in
predicting the clinicopathological response in LARC patients
receiving nCRT, a larger group of LARC tissues was subjected to
IHC. The expression levels of CD8, CD163, and Foxp3 in
tumor tissues are shown in Figure 2. In patients who
achieved pCR after nCRT, more intense CTL infiltration was
observed, as represented by a lower number of TAMs and
Tregs/HPF compared to patients who did not. All these
differences were statistically significant (p = 0.008, 0.006 and
0.037, respectively).

The Associations Between
Tumor-Infiltrating CD8+ Cytotoxic T
Lymphocytes, CD163+ M2 Macrophages,
and Foxp3+ Tregs and Clinicopathological
Features
As shown in Figure 3, Foxp3+ Tregs in tumor tissues were
positively correlated with CD163+ macrophages (p = 0.011) and
TABLE 2 | Clinicopathologic parameters.

Training n = 6 Validation n = 70

Age, median (min,max) 55 (46,61) 57 (28,71)
Gender, n (%)
male 4 (66.7) 52 (74.3)
female 2 (33.3) 18 (25.7)
T stage, n (%)
T3 4 (66.7) 47 (67.1)
T4 2 (33.3) 23 (32.9)
N stage, n (%)
N0 2 (33.3) 16 (35.7)
N+ 4 (66.7) 54 (64.3)
differentiation, n (%)
poor/moderate 4 (66.7) 39 (55.7)
well 2 (33.3) 31 (44.3)
Histological type, n (%)
ulcerative 4 (66.7) 4 (66.7)
other 2 (33.3) 22 (31.4)
chemotherapy, n (%)
without oxaliplatin 4 (66.7) 43 (61.5)
with oxaliplatin 2 (33.3) 27 (38.5)
October 2021 | Volume 1
TABLE 1 | Antibody panel.

Antibody Source Identifier

E-Cadherin Fluidigm 3158029D
EpCAM Fluidigm 3148020D
Vimentin Fluidigm 3143027D
CD45 Fluidigm 3152018D
CD3 Fluidigm 3710019D
CD4 Fluidigm 3156033D
Foxp3 Fluidigm 3155016D
CD8 Fluidigm 3162034D
CD11c Fluidigm 3154025D
CD14 Fluidigm 3144025D
CD16 Fluidigm 3146020D
CD163 Abcam ab87099
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CD8+ T cells (p = 0.021). Nevertheless, no significant correlation
between CD163+ macrophages and CD8+ T lymphocytes
was observed.

We further analysed the association between tumor-infiltrating
CTLs, TAMs and Tregs and the clinicopathological features of
Frontiers in Oncology | www.frontiersin.org 548
LARC patients. Our data showed a strong association between the
number of TAMs and cN stage (p = 0.026), with higher numbers of
CD163-positive TAMs in tumors with lymph node metastasis.
However, no association between clinical T stage and the number
of TAMs was found (Table 3).
FIGURE 1 | Representative mass cytometry image of LARC tissues in non-pCR and pCR group (A). tSNE map of cells extracted from IMC images illustrating the
expression of CD45, CD3, CD4, Foxp3, CD8, CD11c, CD14, CD20 and CD163 (B). The expression intensity of CD8 (upper), Foxp3 (middle), and CD163 (lower) (C).
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The Associations Between Tumor-
Infiltrating CD8+ Cytotoxic T
Lymphocytes, CD163+ M2 Macrophages,
Foxp3+ Tregs, and the Response to nCRT
by Logistic Regression
Table 4 shows the results of the univariate andmultivariate logistic
regression analyses of clinicopathological and immunological
features with respect to the patients’ responses to nCRT. The
univariate analysis revealed that a high baseline number of
tumor-infiltrating CD8+ CTLs was significantly associated with
Frontiers in Oncology | www.frontiersin.org 649
pCR (OR = 1.030; 95% CI: 1.011~1.048, p = 0.002), whereas high
expression of CD163+ TAMs was significantly associated with no
pCR (OR = 0.975; 95% CI: 0.955~0.995, p = 0.015). After adjusting
for demographic factors, including age at diagnosis, sex,
pathological type, clinical stage, and chemotherapy regimen, in
the multivariate logistic regression analysis, the results showed that
a high level of CD8+ CTLs was an independent factor associated
withpCR(OR=1.042;95%CI: 1.015~1.070,p=0.002). Incontrast, a
high level of TAMs emerged as an independent factor associated
with no pCR (OR=0.969; 95%CI: 0.941~0.998, p=0.036). However,
Tregs showed no statistical significance in either the univariate
A B C

FIGURE 2 | Representative immunohistochemical staining of tumor tissue for CD8, CD163, and Foxp3 in non-pCR group (A) and pCR group (B) in 400x hpf.
(C)Frequencies of CD8+, CD163+, and Foxp3+ cells in tumor of two groups.
A B C

FIGURE 3 | The association between CTLs and TAMs (A) Tregs and TAMs (B) Tregs and CTLs (C).
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(OR=0.982; 95% CI: 0.962~1.002, p = 0.070) or multivariate
(OR=0.978; 95% CI: 0.949~1.007, p=0.139) logistic regression
analysis although the density of Tregs was negatively associated
with pCR in the nonparametric test (p = 0.037).
DISCUSSION

In this study, we developed a 12-antibody panel containing the
markers of themajor TIIC subset to determinewhether the immune
Frontiers in Oncology | www.frontiersin.org 750
status differs between LARC patients who respond to nCRT
differently. A higher expression intensity of CD8 cells was
observed in patients who achieved pCR, and a higher density of
TAMs and Tregs was observed in those who did not. To further
investigate the relationship between the densities of CD8+ CTLs,
CD163+TAMsandFoxp3+Tegs in the localTMEbeforenCRTand
treatment response in LARC patients, a larger group of LARC
patients were enrolled as an independent validation group. In the
multiple logistic regression analysis, CTLs and TAMs were revealed
as independent predictors for a good response to nCRT, suggesting
TABLE 3 | The association between tumor-infiltrating CD8+ CTLs, CD163+ M2 TAMs, Foxp3+ Tregs and clinicopathological features.

CD8+ CTL CD163+ M2 macrophage Foxp3+ Treg
median (IQR) P median (IQR) P median (IQR) P

Age 0.700 0.108 0.854
<55 N=30 46 (34, 65) 92 (71, 117) 50 (29,83)
≥55 N=40 49 (23, 73) 113 (84, 149) 52 (29, 92)
Gender 0.667 0.914 0.872
male N=52 45 (27, 67) 100 (85, 134) 52 (30, 82)
female N=18 52 (19, 73) 104 (64, 157) 47 (26, 104)
differentiation, n (%) 0.321 0.343 0.955
poor/moderate N=48 45 (25, 64) 99 (78, 134) 53 (28, 95)
well N=22 57 (26, 104) 118 (81, 156) 46 (31, 78)
Histological type, n (%) 0.295 0.896 0.266
ulcerative 55 (35, 68) 99 (72, 143) 53 (30, 96)
N=39
other N=31

40 (23, 64) 102 (87, 138) 48 (25, 70)

T stage 0.431 0.750 0.644
T3 N=47 42 (27, 65) 101 (85, 143) 53 (33, 81)
T4 N=23 53 (25, 89) 99 (76, 138) 43 (25, 103)
N stage 0.260 0.026 0.418
N0 N=24 39 (17, 73) 89 (67, 116) 42 (25, 77)
N+ N=46 52 (29, 64) 108 (85, 145) 53 (30, 95)
October 202
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TABLE 4 | Logistic regression analysis of immunological and clinicopathological features with respect to LACR patients’ clinical response to nCRT.

Univariate analysis Multivariate analysis

OR 95%Cl p-value OR 95%Cl p-value

CD8 1.030 1.011~1.048 0.002 1.042 1.015~1.070 0.002
CD163 0.975 0.955~0.995 0.015 0.969 0.941~0.998 0.036
FoxP3 0.982 0.962~1.002 0.070 0.978 0.949~1.007 0.139
Age
<55
≥55

1.000
1.435 0.443~4.647 0.547

1.000
0.485 0.065~3.608 0.480

Gender
male
female

1.000
0.745 0.183~3.044

0.682 1.000
0.677 0.099~4.632 0.691

differentiation
poor/moderate
well

1.000
1.875 0.561~6.268

0.307 1.000
1.174 0.141~9.770 0.882

Histological type
ulcerative
other

1.000
1.075 0.330~3.508

0.904 1.000
2.478 0.315~19.484 0.389

cT stage
cT3
cT4

1.000
0.711 0.201~2.515

0.597 1.000
0.728 0.097~5.486 0.758

cN stage
cN0
cN+

1.000
2.294 0.696~7.560

0.172 1.000
4.476 0.531~37.763 0.168

chemotherapy
with oxaliplatin
without oxaliplatin

1.000
2.759 0.681~11.175

0.155 1.000
6.236 0.622~62.529 0.120
43540
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that CTLs and TAMs play key immunoregulatory roles in RCT-
associated antitumour processes. Therefore, CTL and TAM
infiltration levels are expected to become potential predictive
biomarkers of nCRT sensitivity in LARC patients.

Since recommended as the standard treatment for LARC,
nCRT was proven to significantly improve pCR rates (1, 20).
pCR after nCRT was proposed as a key prognostic indicator for
better outcomes in LARC (3, 21). In a meta-analysis which
included 1913 patients by Zorcolos et al, Patients with pCR
had a much lower rate of local tumor recurrence and distant
metastasis. Besides, OS was longer for those achieved pCR
(92.9% for pCR versus 73.4% for non-pCR at 5th year) (3). The
similar results were seen in a German Rectal Trial (CAO/ARO/
AIO-94 trial), 86% of patients with a pCR remained free of
disease at the end of 5 years, whereas only 63% of patients
without pCR (22). However, as in present study, only minority of
LARC patients achieved pCR after received nCRT, up to 80% of
the patients experienced incomplete tumor regression or even
progression after nCRT (4). The current study was dedicated to
explore the relationship of preoperative level of TIICs and
efficiency of nCRT, and aid the therapeutic strategy-making.

In this study, we demonstrated that a higher CD8 + TIL count
before nCRT was associated with a better pathologic response,
which is reasonably explained by experimental results showing
that CTLs play a crucial role in the antitumour effects of
cytotoxic drugs and radiation (23, 24). Recently, it has been
reported that several molecules, including calreticulin, HMGB1,
and ATP, released by tumor cells are responsible for
chemotherapy-induced anticancer immune responses (10, 25).
These molecules mediate the proliferation and activation of
CTLs via multiple pathways (26). Radiation therapy has also
shown its antitumour effect by inducing neoantigens from tumor
cells (10), similar to the role of chemotherapy, and this effect may
be significantly weakened after the depletion of CTLs.

M1 macrophages and M2 macrophages play opposing roles in
tumor development (19, 27). Recent studies have focused on CD163
staining in representative LARC tissues to investigate the clinical
significance of TAMs (28, 29). Studies have shown that a higher
density of M2 macrophages strongly predicts a poor response to
nCRT and shorter OS and DFS in colorectal cancer (CRC) patients
(28, 29). Inour study, thenumberofTAMs/HPFwasan independent
predictor for the response to nCRT, as intense TAM staining was
associated with a poor pathological response. Mechanistically,
numerous cytokines and pathways, such as the IL-6R/STAT3/miR-
204-5p pathway, were found to be involved in chemoresistance
mediated by macrophages (30, 31). After radiotherapy, altered
inflammatory cytokines (such as IL-6, IL-10, and TNF) lead to the
recruitment of TAMs with a tissue reparative phenotype and
contribute to tumor recurrence and metastasis (31). However, the
studies above focused on the dynamics and effect of TAMs after
radiation, and the predictive role of TAMs is poorly understood. Our
present studyshowed thatTAMsbeforenCRTplayan important role
in CRT resistance. Our results may partially be explained by the
positive crosstalk between TAMs and cells related to immune
suppression, including Th2 cells, cancer‐associated fibroblasts,
Tregs, and MDSCs, and the negative crosstalk with CTLs (19, 32).
This hypothesis needs to be further investigated in future studies.
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A low number of Tregs was demonstrated to be strongly
associated with pCR and better clinical outcomes in several
cancers (9, 33, 34); therefore, it is shocking that no association
between Tregs and clinical response was observed in the logistic
regression analysis. The selection of truly representative target
areas is a challenge common to all studies using biopsy samples
and can be particularly difficult when using tissue from
pretreated patients with significant variation in treatment
response. For all studies using biopsy samples, whether the
target is representative is a common problem (35). Although
biopsies are carefully sampled by experienced endoscopists, it
cannot be ruled out that the lack of a correlation between Treg
density in tumors may be a problem associated with sampling.
However, the number of Tregs was significantly different
between the two groups via the Mann–Whitney U test, which
proved the robustness of our study.

In this study, we observed that a high infiltration rate of Tregs
was associated with a high infiltration rate of CTLs. Our findings
couldbeexplainedby the fact that similarmechanismsare sharedby
CTLs and Tregs when infiltrating tumors (36, 37). For T cells to
initiate extravasation, theymust interact theCD44,CD62LorPSGL
with endothelial selectin. All these molecules are expressed on the
membranes of Tregs and activated CTLs. In addition, most of the
chemokine receptors that mediate CD8+ T cell extravasation, such
as CCR5, CXCR3 andCXCR6, are expressed onTregs. As such, it is
logical that Tregs and CTLs co-infiltrate a tumor. A positive
correlation between TAMs and Tregs was also found. As
discussed above, TAMs can directly recruit Tregs and activate
them to establish the immunosuppressive TME (19). Numerous
chemokines, such as CCL20 and CCL22, have been reported to
participate in this process (38).

Regarding clinicopathological features, a higher density of TAMs
was correlated with a positive lymph node stage in our study. As the
major component of TIICs, TAMs were well-known to promote
distant metastasis by multiple mechanisms (39, 40), and current
studies found that the tumor cells present in lymph nodesmaybe an
important source of systemic metastasis (41, 42). In the most recent
study by Chen et al, TAMs were found to significantly higher in
breast primary tumor with lymph node metastasis compared with
tumor tissues without lymph node involvement (43).

As the discussion above, the TAMs was found to be associated
with nodal stage in present study, but no statistical relationship was
found between the TAMs and tumor size, these result aroused our
interest in exploring the mechanism underlying the role of M2
TAMs in lymph node metastasis in the early T stage.

This study had some limitations: first, this was a relatively
small cohort of patients; thus, some clinically relevant factors,
such as cT classification, failed to show significant differences.
Therefore, these results must be confirmed in larger samples and
through multicenter studies. Second, the clinicopathological
parameters included are not comprehensive enough, which
may lead to inefficiency of the model. In addition, the analyses
performed were only correlation analyses, and further
experimental studies are needed to explore the potential
mechanism of these correlations.

Based on our study, these positive immunoregulatory features
in preoperative evaluation may be suggestive for the need of
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combining current neoadjuvant regimens with an immune-
modulating therapy to achieve better therapeutic outcome and
survival in cancer treatment. However, as a correlation analyses
with a relatively small cohort of patients, it still a long way to
transform the results of current study into clinical applications.

In conclusion, this study proved thatTregs in tumor tissueswere
positively correlated with TAMs and CTLs. The density of tumor-
infiltrating TAMs is a significant factor for lymph node metastasis.
These findings suggest that TAMs andCTLs are predictivemarkers
for the sensitivity of nCRT and might aid in clinical decision-
making regarding the delivery of improved therapies for LARC.We
believe that our datawill provide the foundation for developingnew
prognostic biomarkers and improving the nCRT treatment
outcomes of LARC patients. Besides, as total neoadjuvant therapy
(TNT)withhigher rate of achieving pCR emerging as an alternative
treatment to LARC, the predictive role of CTLs, TAMs and Trgs
play in LARC patients received TNT aroused our great interest and
will be the next focus.
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Aim: Accumulated studies have verified that tumor regression is associatedwith the prognosis
of rectal cancer. However, stratified analysis within a certain stage is still unknown. The
purpose of our studywas to assess the impact of pathologic response on the survival of stageII
and III rectal cancer patients after neoadjuvant chemoradiotherapy (nCRT).

Methods: Clinicopathologic characteristics and tumor regression scores (TRS) were
assessed in 236 rectal cancer patients who treated with nCRT followed by surgery.
Survival analysis was performed using Cox proportional hazards models.

Results: Among these patients, the stage of 88 patients was ypII, and 91 patients were
with the stage of ypIII. The median follow-up time was 59.8 months. TRS was not an
independent prognostic factor in ypII patients while it was significantly associated with the
prognosis of ypIII patients (5-year survival rate 67.2% vs. 42.5%, P < 0.001). Furthermore,
ypIII patients with the response to nCRT had similar survival to that of ypII patients (5-year
survival rate 67.2% vs. 70.5%, P = 0.56). For ypIII patients, multivariable analysis showed
that well differentiation, negative surgical margin, and the administration of adjuvant
chemotherapy were associated with better survival. The surgical margin and
differentiation were prognostic factors for ypII patients.

Conclusions: ypIII rectal cancer patients with poor response to preoperative treatment
are at high risk of worse oncological outcomes.

Keywords: rectal cancer, survival, neoadjuvant (chemo)radiotherapy, tumor regression grade (TRG), prognosis
INTRODUCTION

Neoadjuvant chemoradiotherapy (nCRT) was recommended in the 1990s to treat the patients with
locally advanced rectal cancer. Compared to the conventional surgery combined with postoperative
therapy, nCRT has been proved more effective in local control, downstaging, and sphincter sparing
(1, 2). The pathologic stage of the resection specimen (yp) is the strongest prognostic factor for
patients who underwent neoadjuvant therapy. The ypI patients usually possess long-term survival
and local control, while 30% of ypII and III rectal cancer patients will suffer from relapse (3).
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Therefore, physicians need to find a prognostic factor that can
precisely predict the survival of high-risk individuals. It will be
benefit to decide the adjuvant regimen and appropriate
surveillance intervals. Until now, the most accurate method for
evaluating the response is the histological change of the resected
specimen. These changes include cytologic and stromal
alterations, such as cytoplasmic vacuolation and mucus lakes at
the site of previous tumors (4, 5). Tumor regression can range
from no evidence of therapeutic effect to complete response with
no residual cancer cells. To conveniently describe the response to
nCRT, the tumor regression score (TRS) was introduced to
evaluate the degree of remission. According to previous
researches, patients with pathologic complete remission (pCR)
generally have superior long-term survival and at low risk of
relapse. Patients with moderate, minimal, or no response have
progressively worse outcomes (4, 6).

Accumulated trials have verified that well pathological
responses, such as pCR and ypI, are associated with better
outcomes. However, the survival of ypII and III rectal cancer
patients are variable. They maybe experience recurrence at a rate
of 20–30% (7–11). Thus, only depending on yp stage is not
enough to identify the high-risk population. Many published
studies have confirmed the prognostic value of the response to
neoadjuvant treatment (4), but a stratified analysis within a
certain stage is still unknown. We hypothesized that well
response to nCRT would be associated with improved survival
among specific patients. Therefore, the purpose of our study was
to assess the impact of nCRT response on the survival of ypII and
ypIII rectal cancer patients, which could help to identify high-
risk rectal cancers.
METHODS

Patients and Data Sources
A total of 256 pathologically confirmed rectal cancer patients who
were treated with nCRT followed by surgery in Peking University
First Hospital between 2008 and 2019 were collected in our study.
The medical records and surveillance data were obtained
prospectively. This had been approved by the institutional
review board. Exclusion criteria included incomplete nCRT or
surgery, stage IV disease, history of other cancers, and
insufficient data.

Treatment
Rectal cancer with clinical stage of T3-4 or N+ was defined as
locally advanced rectal cancer. Treatments for locally advanced
rectal cancer patients were decided by multidisciplinary team
(MDT) discussions. The team consisted of professional
oncologists, surgeons, radiologists, and pathologists. The
patients involved in this research received concurrent
chemotherapy with radiation, usually oral capecitabine or
intravenous 5-FU and a long course of 50.4 Gy radiation in 25
fractions, followed by surgery with curative intent. Surgeries
complied with the principle of total mesorectal excision (TME).
And the interval between the last treatment and surgery was
Frontiers in Oncology | www.frontiersin.org 255
about 8 weeks for all the patients. All patients were encouraged to
receive adjuvant chemotherapy after surgery. The regimens of
adjuvant chemotherapy were CapeOX or FOLFOX. And up to 6
months of perioperative chemotherapy was recommended.

Response to nCRT was evaluated by experienced pathologists
without knowing the outcomes of the patients. The system used
to grade the tumor response was recommended by the AJCC
Cancer Staging Manual (8th Edition) and the College of
American Pathologists (CAP) guidelines: tumor regression
score 0 (TRS 0) (complete response), no remaining viable
cancer cells; TRS 1 (moderate response), only small clusters or
single cancer cells remaining; TRS 2 (minimal response), residual
cancer remaining, but with predominant fibrosis; TRS 3 (poor
response), minimal or no tumor kill, extensive residual cancer.

Statistical Analysis
Clinicopathologic characteristics and oncologic outcomes of the
populations were collected and analyzed. The association
between these factors and TRS was assessed by the chi-square,
Fisher exact, and Mann-Whitney U tests, as appropriate. Survival
was estimated using the log-rank test. Variables were selected
into the multivariable model depend on statistical significance
(P < 0.2), and the stepwise Cox regression model was used. All
analyses were carried out with IBM SPSS version 27.0.
Statistically significant was considered when a two-tailed P-
value less than 0.05.
RESULTS

Patient Characteristics
A total of 256 rectal cancer patients were involved in our
research, and the prognosis and characteristics were further
analyzed. The median follow-up time was 59.8 months, and
the 3- and 5-year overall survivals of the entire population were
78.5% and 69.3%, respectively. After nCRT, 31 patients (12.1%)
achieved pCR (TRS 0), whereas 58(22.7%), 96 (37.5%), and 71
(27.7%) patients had the TRS of 1, 2, and 3, respectively. The
pathological differentiation in most patients was moderate and
poor (69.8%). After surgery, 40.7% of patients received
adjuvant chemotherapy.

Characteristics and Survival Analysis
of ypII
Stratified by tumor regression scores, clinical and pathological
characteristics of ypII rectal cancer patients were summarized in
Table 1. Eighty-eight patients were staged ypII, and most of the
patients were at ypT3 stage (78.4%). In addition to this, only
37.5% of ypII patients received adjuvant chemotherapy. And
predictors of pathologic response were gender (P = 0.03) and
tumor size (P = 0.03).

The 5-year survival rate of ypII patients was 70.5%, with a
median survival of 101.4 months. Variables associated with
survival after surgery in ypII patients were illustrated in
Table 2. TRS 1 and 2 were grouped and compared with TRS 3.
In the univariable analysis, we found that the TRS was associated
December 2021 | Volume 11 | Article 795137
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with survival (P = 0.03). However, there was no statistical
difference between them with multivariate analysis (Figure 1A,
P = 0.15). In univariable and multivariable analysis, only the
histologic differentiation (HR 4.17, 95% CI 0.71-6.25, P = 0.024)
and surgical margin (HR 2.78, 95% CI 0.35–5.26, P < 0.001)
remained difference significantly.

Characteristics and Survival Analysis
of ypIII
Stratified by tumor regression scores, clinical and pathological
characteristics of ypIII rectal cancer were summarized in Table 3.
Ninety-one patients were staged ypIII. Four patients achieved a
local pathologically complete response, whereas the lymph nodes
harvested were positive. The predictors of pathologic response
were the clinical nodal status (P = 0.03), stage (P = 0.047), and
the pathologic T stage (P < 0.001).

The 5-year survival rate of ypIII patients was 63.6%, with a
median survival of 79.8 months. Variables associated with
Frontiers in Oncology | www.frontiersin.org 356
survival after surgery in ypIII patients were illustrated in
Table 4. In the same way, TRS 0, 1, and 2 were grouped and
compared with TRS 3 for analysis. TRS was associated with
survival in the univariable analysis (P < 0.001). There was also a
significant difference between them in multivariate analysis (HR
2.63, 95% CI 1.12-5.88, P < 0.001, Figure 1B). Besides, younger
age, well histological differentiation, low anterior resection,
negative surgical margin, and the completion of adjuvant
chemotherapy were associated with better survival in univariable
analysis. Negative surgical margin, well differentiation, and the
presence of adjuvant chemotherapy remained statistically
significant in multivariable analysis.

In order to compare the survival of ypII and ypIII rectal
cancer patients, the survival curves were calculated together,
which were stratified by response to nCRT (TRS 0–2) and no
response. The overall survival of ypIII patients with response was
not significantly different from ypII disease (Figure 1C,
P = 0.56).
TABLE 1 | Clinicopathologic characteristics of ypII patients.

Variables Tumor regression score P value

1 2 3

Age (88) 0.19
≥65 (34) 13 11 10
<65 (54) 14 28 12

Gender (88) 0.03
Male (59) 23 21 15
Female (29) 4 18 7

BMI, kg/m2 (88) 0.38
< 24 (53) 15 22 16
≥24 (35) 12 17 6

Clinical T stage (88) 0.98
T1 (6) 1 3 2
T2 (15) 5 6 4
T3 (38) 13 16 9
T4 (29) 8 14 7

Clinical N stage (88) 0.20
N0 (22) 4 12 6
N1 (56) 17 24 15
N2 (10) 6 3 1

Clinical stage (88) 0.33
II (22) 4 12 6
III (66) 23 27 16

Procedure (88) 0.45
LAR (56) 20 23 13
APR (21) 3 12 6
Combined resection (11) 4 4 3

Distance from anal verge, cm (87) 0.06
≥5 (62) 24 25 14
< 5 (25) 3 14 8

Tumor size, cm 0.03
≥3.5 (27) 3 16 8
< 3.5 (61) 24 23 14

Pathological T stage (88) 0.69
T3 (69) 21 32 16
T4 (19) 6 7 6

Histological differentiation (83) 0.90
Well (4) 1 3 0
Moderate (64) 18 29 17
Poor (15) 5 6 4

Positive lymphovascular invasion 1 3 2 0.77
Positive surgical margin 1 4 4 0.28
December 2021 | Volume 11 | Article
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DISCUSSION

Based on previous studies, the tumor regression score after
neoadjuvant chemoradiation was a significant independent
prognostic factor for rectal cancer patients. Patients with no
response to nCRT had the 5-year survival rate of 27% compared
to 72% for patients with response (12). Similarly, in the CAO/
ARO/AIO-94 trial, pCR patients had a 10-year disease-free
survival of 89.5%, while those with poor regression had a
corresponding incidence of 63% (13). The nCRT response had
other predictive values in addition to predict the survival. In the
EORTC 22921 trial, a subgroup analysis showed that ypT0–2
patients were more likely to benefit from adjuvant chemotherapy
than ypT3–4 patients (8). Although the predictive value of the
tumor regression score has been reported, a classification
analysis of ypTNM stage has not been mentioned. Our current
Frontiers in Oncology | www.frontiersin.org 457
study analyzed the prognostic value of the tumor regression
score classified by pathologic stage for the first time.

To investigate the impact of the tumor regression score on the
classification stage, the patients were divided into two groups in
each stage: response (TRS 0-2) and no response (TRS 3). The
independent prognostic factor for ypII patients was histological
grade. For patients at stage III who received nCRT, response
to nCRT, well histological differentiation, negative surgical
margin, and completion of adjuvant chemotherapy were
all independently associated with improved survival. The
differentiation and surgical margin but not the response to
nCRT were consistent predictors of survival in both ypII and
III patients. We found that ypIII patients with the response to
nCRT had similar survival to that of ypII patients. However, it
was difficult to distinguish the survival between response and no
response among ypII patients.
TABLE 2 | Analysis of factors associated with overall survival for ypII patients.

Variables Median survival (m) 5-year Survival (%) Log-rank test Cox multivariate test

HR 95% CI P

Age 0.59
≥65 80.2 69.0
<65 101.4 71.2

Gender 0.72
Male 92.1 79.6
Female 85.6 75.4

BMI, kg/m2 0.61
< 24 97.4 73.0
≥24 74.5 68.6

Clinical stage 0.06
II 98.7 82.0
III 83.6 70.5

Procedure 0.04
LAR 103.5 81.6 Ref
APR 90.3 65.4 1.20 0.82-3.67 0.21
Combined resection 77.5 43.8 1.32 0.45-1.79 0.056

Distance from anal verge 0.91
≥5 cm 101.3 72.7
< 5 cm 87.5 69.1

Tumor size, cm 0.68
≥3.5 84.4 69.0
< 3.5 104.1 71.7

Pathological T stage 0.34
T3 101.0 70.5
T4 82.8 70.0

Histological differentiation 0.006
Well/moderate 111.7 82.7 Ref
Poor 71 70.5 4.17 0.71-6.25 0.024

Lymphovascular invasion 0.64
Negative 100.7 83.3
Positive 49.2 69.5

Surgical Margin <0.001
Negative 98.3 76.5 Ref
Positive NR 25.0 2.78 0.35-5.26 <0.001

Adjuvant chemotherapy 0.72
No 102.7 69.6
Yes 66.6 71.9

Tumor regression score 0.03
0-2 103.8 72.3 Ref
3 80.6 65.2 1.16 0.83-2.77 0.15
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It is known that surgical resection with negative margins in
rectal cancer is critical because treatment modalities, such as
chemotherapy and radiation, cannot compensate for a positive
margin. The relationship between resection margin and local
recurrence and survival has been reported by many studies. Our
results substantiated the surgical margin as a prognostic factor of
rectal cancer with nCRT. For histological tumor differentiation,
well or moderate differentiation refer to cancer cells with a low
invasive property. Poor differentiation is related to more
aggressive cancer cells than the former. It is obvious that
patients with poorer differentiated cancers suffer from worse
oncologic outcomes in most cases.

It is necessary to investigate the reason for distinct outcomes
of ypIII patients. According to the definition, ypIII tumors have
cancer cells extending from the primary tumor location to the
regional lymph nodes. Compared to ypII disease, ypIII tumors
prefer to disseminate to other areas and are less likely to be
solved by surgery alone. nCRT response could help us to discover
the biology of tumors, which may act as an indicator of
susceptibility to adjuvant chemotherapy. Both chemotherapy
and neoadjuvant treatment could diminish recurrence by
eradicating cancer cell that transferred to the lymphatic and
blood vessels of patients with response to nCRT. Because of the
resistance to cytotoxic agents, patients with no response had
Frontiers in Oncology | www.frontiersin.org 558
great possibility of recurrence. It was the inherent characteristics
of the non-response ypIII patients that determined their
prognosis. Whereas ypII tumors with disease located in the
primary site and could be cured by surgery with a great
possibility. This mostly clarified the mechanism that ypIII
rectal cancer patients with response to nCRT had similar
survival to ypII patients.

There were also many factors that could predict the degree of
response. For ypII patients, there were statistical differences in
gender and tumor size. Combined with clinical practice, we were
unable to confirm whether the gender of patients was a
prognostic factor of the response score, and the number of
female patients was obviously less than males in our study. As
for tumor size, it was evident that smaller tumors were more
likely to show regression than larger tumors when treated by the
same regimen. For ypIII patients, the predictive factors of TRS
were clinical nodal status, stage, and the pathologic T stage. We
were skeptical of this result because 65.9% of ypIII patients with
T3 stage, and statistical bias could not be ignored. And the
clinical stage showed a modest significance, which was
unconvincing. Furthermore, we did not find a concurrent
predictor of TRS in ypII and III diseases. Previous
investigations have reported that TRS was associated with the
interval between operation and nCRT completion, and patients
A B

C

FIGURE 1 | (A) Overall survival of ypII patients stratified by tumor regression score; (B) Overall survival of ypII patients stratified by tumor regression score;
(C) Overall survival of ypIII patients compared with ypII patients stratified by tumor regression score.
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with longer intervals were more likely to have lower tumor
regression scores (14, 15). Most of the patients in our study
underwent surgeries with interval about 8 weeks after the last
time of chemoradiation. There was no difference of the interval
between surgery and the last preoperative treatment of the
patients, so we did not take it into consideration.

Regardless of the prognostic value of the TRS, its clinical
implications are also important. In view of the poor response of
some rectal cancer patients, they may not benefit from adjuvant
cytotoxic therapy. However, with no alternative options, they
could probably receive more intensive adjuvant therapies or
participate in novel therapeutic trials. The panel of National
Comprehensive Cancer Network (NCCN) believes that patients
Frontiers in Oncology | www.frontiersin.org 659
with tumor downstaging and complete response after nCRT
should be strongly considered for adjuvant chemotherapy (8,
16). In addition to the choice of adjuvant therapy, the fact that
long-term outcomes of the non-responders vary from patients
with a response suggests that more rigorous surveillance is
necessary for this population.

There were also some limitations of our study. Because this
was a retrospective study, there was potential bias introduced by
the loss of follow-up as well as from the variable collection of
data. As part of the cancer database, our data were collected
prospectively, which might help reduce the data bias to a certain
extent. In addition, adjuvant chemotherapy regimens were not
administrated based on the single treatment protocol. Some
TABLE 3 | Clinicopathologic characteristics of ypIII patients.

Variables Tumor regression score P value

0 1 2 3

Age (91) 0.90
≥65 (34) 1 9c 17 7
<65 (54) 3 15 25 14

Gender (91) 0.40
Male (55) 2 18 23 12
Female (36) 2 6 19 9

BMI, kg/m2 (91) 0.94
< 24 (59) 3 16 26 14
≥24 (32) 1 8 16 7

Clinical T stage (91) 0.38
T1 0 0 2 1
T2 2 4 5 6
T3 2 11 26 10
T4 0 9 9 4

Clinical N stage (89) 0.03
N0 3 3 8 5
N1 1 11 26 14
N2 0 9 7 2

Clinical stage (89) 0.047
II (19) 3 3 8 5
III (70) 1 20 33 16

Procedure (91) 0.90
LAR (60) 3 15 29 13
APR (27) 1 8 12 6
Combined resection (4) 0 1 1 2

Distance from anal verge, cm (91) 0.91
≥5 (61) 3 17 28 13
< 5 (30) 1 7 14 8

Tumor size, cm (91) 0.71
≥3.5 (27) 1 6 15 5
< 3.5 (64) 3 18 27 16

Pathological T stage (91) <0.001
T0(4) 4 0 0 0
T1(2) 0 1 1 0
T2(19) 0 6 10 3
T3 (60) 0 14 29 17
T4 (6) 0 3 2 1

Pathological N stage 0.94
N1 (59) 3 16 26 14
N2 (32) 1 8 16 7

Histological differentiation (89) 0.18
Well (6) 1 2 3 0
Moderate (56) 2 16 27 11
Poor (27) 0 6 11 10

Positive Lymphovascular invasion 0 1 4 3 0.63
Positive surgical margin 0 0 2 3 0.20
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patients received CapeOX, whereas others received FOLFOX.
The total pCR rate in our study was 12.1%, which was lower than
the reported rates of 16-24% (16). This might be attributed to the
dissimilarity of regimens and the generally late stage of rectal
cancer patients in China. And this study reflects the outcomes of
a specific population in China, and extending the results to other
populations should be prudent.
CONCLUSION

ypIII rectal cancer patients with poor response to nCRT are at
high risk of worse oncological outcomes. More intensive
adjuvant chemotherapy and surveillance may be performed in
Frontiers in Oncology | www.frontiersin.org 760
this population, and more effective approaches should
be studied.
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Prognostic Impact of An Integrative
Landscape of Clinical, Immune,
and Molecular Features in
Non-Metastatic Rectal Cancer
Soledad Iseas1*, Juan M. Sendoya2, Juan Robbio1,3, Mariana Coraglio4, Mirta Kujaruk5,
Vanesa Mikolaitis5, Mariana Rizzolo5, Ana Cabanne5, Gonzalo Ruiz6, Rubén Salanova6,
Ubaldo Gualdrini 4, Guillermo Méndez1, Marina Antelo1, Marcela Carballido1,
Cecilia Rotondaro2, Julieta Viglino2, Martı́n Eleta7, Alejandro Di Sibio8,
Osvaldo L. Podhajcer2, Enrique Roca1, Andrea S. Llera2, Mariano Golubicki1,3

and Martı́n Carlos Abba9*

1 Oncology Unit, Gastroenterology Hospital “Dr. Carlos Bonorino Udaondo”, Buenos Aires, Argentina, 2 Laboratorio de
Terapia Molecular y Celular, Genocan, Fundación Instituto Leloir, IIBBA (CONICET), Buenos Aires, Argentina, 3 Unidad de
Investigación Traslacional, Laboratorio de Biologı́a Molecular GENUIT, Gastroenterology Hospital “Dr. Carlos Bonorino
Udaondo”, Buenos Aires, Argentina, 4 Proctology Unit, Gastroenterology Hospital “Dr. Carlos Bonorino Udaondo”, Buenos
Aires, Argentina, 5 Pathology Unit, Gastroenterology Hospital “Dr. Carlos Bonorino Udaondo”, Buenos Aires, Argentina,
6 Biomakers Molecular Pathology and Research, Buenos Aires, Argentina, 7 Imaxe Image Diagnosis Center, Buenos Aires,
Argentina, 8 Hospital General de Agudos “Dr.Cosme Argerich”, Buenos Aires, Argentina, 9 Basic and Applied Immunological
Research Center, School of Medical Sciences, National University of La Plata, La Plata, Argentina

Rectal Cancer (RC) is a complex disease that involves highly variable treatment responses.
Currently, there is a lack of reliable markers beyond TNM to deliver a personalized
treatment in a cancer setting where the goal is a curative treatment. Here, we performed
an integrated characterization of the predictive and prognostic role of clinical features,
mismatch-repair deficiency markers, HER2, CDX2, PD-L1 expression, and CD3−CD8+

tumor-infiltrating lymphocytes (TILs) coupled with targeted DNA sequencing of 76 non-
metastatic RC patients assigned to total mesorectal excision upfront (TME; n = 15) or
neoadjuvant chemo-radiotherapy treatment (nCRT; n = 61) followed by TME. Eighty-two
percent of RC cases displayed mutations affecting cancer driver genes such as TP53,
APC, KRAS, ATM, and PIK3CA. Good response to nCRT treatment was observed in
approximately 40% of the RC cases, and poor pathological tumor regression was
significantly associated with worse disease-free survival (DFS, HR = 3.45; 95%CI =
1.14–10.4; p = 0.028). High neutrophils-platelets score (NPS) (OR = 10.52; 95%CI=1.34–
82.6; p = 0.025) and KRAS mutated cases (OR = 5.49; 95%CI = 1.06–28.4; p = 0.042)
were identified as independent predictive factors of poor response to nCRT treatment in a
multivariate analysis. Furthermore, a Cox proportional-hazard model showed that the
KRASmutational status was an independent prognostic factor associated with higher risk
of local recurrence (HR = 9.68; 95%CI = 1.01–93.2; p <0.05) and shorter DFS (HR = 2.55;
95%CI = 1.05–6.21; p <0.05), while high CEA serum levels were associated with poor
DFS (HR = 2.63; 95%CI = 1.01–6.85; p <0.05). Integrated clinical and molecular-based
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unsupervised analysis allowed us to identify two RC prognostic groups (cluster 1 and
cluster 2) associated with disease-specific OS (HR = 20.64; 95%CI = 2.63–162.2;
p <0.0001), metastasis-free survival (HR = 3.67; 95%CI = 1.22–11; p = 0.012), local
recurrence-free survival (HR = 3.34; 95%CI = 0.96–11.6; p = 0.043) and worse DFS (HR =
2.68; 95%CI = 1.18–6.06; p = 0.012). The worst prognosis cluster 2 was enriched by
stage III high-risk clinical tumors, poor responders to nCRT, with low TILs density and high
frequency of KRAS and TP53mutated cases compared with the best prognosis cluster 1
(p <0.05). Overall, this study provides a comprehensive and integrated characterization of
non-metastatic RC cases as a new insight to deliver a personalized therapeutic approach.
Keywords: rectal cancer, non-metastatic, mutational profile, biomarkers, precision medicine
INTRODUCTION

Colorectal cancer is the third most common cancer worldwide,
accounting for approximately 10% of solid tumors (1). Rectal
cancer (RC) comprises 40% of all colorectal cancers, with about
70–75% staged as a non-metastatic disease at the initial diagnosis.
The RC incidence and mortality are expected to increase
substantially by 2035 (2, 3). The clinical management of RC is
mainly dependent on tumor staging at diagnosis (4), and total
mesorectal excision (TME) is considered the cornerstone of
curative treatment for early-stage tumors. Since the preoperative
chemoradiotherapy (CRT) followed by TME was established as
the standard strategy for locally advanced rectal cancer (LARC),
the local recurrence rate was reduced approximately 5% (5, 6).
More recently, the development of the total neoadjuvant therapy
(TNT) whereby consolidation chemotherapy is given after
chemoradiotherapy for LARC treatment (7–9) has resulted in an
increased probability of complete pathological response (pCR),
improved tumor resectability, and sphincter preservation without
compromising local tumor control (10, 11). However, the current
5-year survival rate remains approximately 65% (12).

Multiple studies indicate that tumor response to preoperative
treatment strongly predicts the disease-free survival of patients
(13–16). There is a spectrum of tumoral response to TNT in
which up to 20–30% of patients will have a pCR heralding an
excellent prognosis (17). In contrast, up to 40% of patients will
not respond, resulting in minimal to no regression or disease
progression, even during CRT. It is not currently possible to
predict which patients will have a favorable response to therapy,
and such heterogeneous responses can finally impact long-term
oncological outcomes (18, 19). Identifying good and poor
responders before neoadjuvant treatment may help clinicians
consider more personalized strategies that include intensive
preoperative treatment, such as TNT and upfront surgery to
prevent unnecessary treatment-related toxicities and non-
operative management (20). It is also essential to balance the
risk of local and metastatic recurrence to avoid over-treatment
and preserve organ function and life quality (20).

Several clinicopathological and molecular features has been
associated with a prognostic and/or predictive value in RC such
us the mucinous histology (21, 22), the unresponsiveness
associated with mismatch repair-deficient tumors (23), loss of
263
CDX2 expression (24), elevated pretreatment CEA levels (25),
high serum inflammation markers (26, 27), and the association
between a low CD3 and CD8 tumor-infiltrating lymphocytes
density in the pretreatment biopsies and minimal regression to
CRT (28). Tumor tissue-based molecular predictors of response
to nCRT in LARC patients have been extensively studied. Several
studies observed that KRASmutation and combined KRAS/TP53
mutations are associated with resistance to CRT and poor
oncological outcomes (29–31). Moreover, several promising
gene expression signature-based classifiers have been reported
(32). However, there is no consensus regarding the role of these
prognostic and predictive factors, probably because they derived
from retrospective studies not independently validated in
prospective external cohorts (32). In this context, no reliable
prognostic and predictive biomarkers have been identified
beyond the TNM, and there is no consensus regarding the role
and implementation of the molecular-based biomarkers. Tumor
heterogeneity undoubtedly also plays a relevant role in
determining a diverse spectrum of treatment responses and
oncological outcomes that need to be considered in biomarker
discovery strategies (33).

This study aimed to characterize a prospective, single center-
based cohort of non-metastatic rectal cancer staged by MRI at
the clinical, immunological, and molecular levels. It aims
towards identifying predictive and prognostic factors capable
of guiding treatment selection and stratifying patients under
curative approaches.
MATERIALS AND METHODS

Rectal Cancer Cohort
This prospective translational study comprised 76 consecutive
eligible non-metastatic rectal cancer patients recruited and
treated at the Oncology Unit at the Gastroenterology Hospital
“Dr. Carlos Bonorino Udaondo” (Buenos Aires, Argentina)
between November 2015 and September 2018. Inclusion criteria
were: i) available pre-treatment formalin-fixed paraffin-embedded
(FFPE) biopsy, ii) histologically confirmed adenocarcinoma, and
iii) absence of distant metastases at baseline. Initial clinical staging
was based on rectoscopy, thorax–abdomen computed tomography
(CT) scan, and pelvic magnetic resonance imaging (MRI). Clinical
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data collected from patient medical records included age at
diagnosis, gender, distance to anal verge, risks factors according
to ESMO rectal cancer guidelines (4), CEA and CA19.9 values,
histological features, mismatch repair (MMR) protein status by
immunohistochemistry, and neutrophil-platelet score (NPS). All
patients gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance
with the Declaration of Helsinki, and the protocol was approved
by both the Udaondo Hospital Ethics Committee and the
Fundación Instituto Leloir Ethics Committee.

Treatment and Follow-Up
All cases were discussed in our multidisciplinary team (MDT).
Those patients without locally advanced disease were assigned to
TME surgery upfront (n = 15/76). Our standard routine approach
for delivery of neoadjuvant therapy for LARC as the initial
therapeutic approach define intermediate/locally advanced rectal
cancer as very low cT2-T3ab, cT3cd-T4, extramural vascular
invasion (EMVI) positivity, high mesorectal nodes burden or
mesorectal nodes unlikely amenable for quality TME,
circumferential radial margin (CRM) involvement, and lateral
lymph node dissemination (LLND). All LARC patients (n = 61/
76) were assigned to standard pelvic long course radiotherapy
(LCRT: 50.4 Gy in 28 fractions of three-dimensional conformal
radiotherapy, 1.8 Gy per fraction, per day) with concurrent
capecitabine (825 mg/m2/bid for 28 days), termed hereafter CRT.
Patients with a high risk of systemic relapse (EMVI, highmesorectal
node burden and LLND) underwent induction chemotherapy (I +
CRT), which comprises pre-treatment before the CRT with three
cycles of CAPOX (130 mg/m2 of oxaliplatin on day 1 and
capecitabine 1,000 mg/m2/bid, days 1–14 every 3 weeks). Two
cycles of capecitabine monotherapy (850 mg/m2/bid, days 1–14
every 3 weeks) was then administered until response assessment for
all patients. Together, I + CRT and CRT are referred to as nCRT
throughout this manuscript.

Response assessment was measured within 6–8 weeks of
completing radiotherapy by digital rectal examination (DRE), CT,
and MRI (ymrTN and mrTRG) (34). Pathological tumor regression
(pTRG) was evaluated on the surgical specimen using the Protocol
for the Examination of Specimens from Patients with Primary
Carcinoma of the Colon and Rectum v.4.0.1.0 recommended by the
College of American Pathologists (CAP) (35). Response to nCRT
was also evaluated using the NAR score (36). Patients with low
rectal tumors and clinical complete response (cCR) by DRE and
diffusion-weighted MRI (DW-MRI) (ymrT0N0, mrTRG = 1, low/
lack of signal in DW-MRI) were exempted from surgery and were
followed up every three months for the first two years and every six
months thereafter. The remaining patients underwent a TME 12 to
16 weeks after completing radiotherapy. Adjuvant treatment was
considered for patients with postoperative residual tumor presence
associated with histopathological high-risk factors. Results shown in
this paper include follow-up for progression/relapse and survival
status until August 2020.

Sample Collection and Quality Assessment
All sample collection procedures were carried out according to
institutional Standard Operating Procedures for frozen and FFPE
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specimens based on international consortia recommendations.
Baseline tumor biopsies were collected as part of the rectoscopy
diagnostic procedure and were divided into two blocks: one block
underwent snap-freezing with liquid nitrogen and the other was
prepared as FFPE. The latter was analyzed for the presence of at
least 60% adenocarcinoma with hematoxylin/eosin staining. The
snap-frozen mirror biospecimen was processed for molecular
studies, while the FFPE was stored for immunohistochemical
studies. Cold ischemia times were strictly monitored and
registered in order not to exceed 30 min from extraction to
fixation (formalin or freezing). On the day of collection of the
diagnosis tissue sample, peripheral blood samples were also
collected according to Standard Operating Procedures.

Immunohistochemistry Analysis (IHC)
The immunohistochemistry (IHC) tests were performed using
the automatized platform Bond-Max Leica Biosystems for the
antibodies: MLH1 (clone G168-728; Cell Marque), MSH2
(G219-1129; Cell Marque), MSH66 (PU29; Cell Marque),
PMS2 (NOR4G; Cell Marque). Tumors were considered
negative for MLH1, MSH2, PMS2, or MSH6 expression only if
there was a complete absence of nuclear staining in the tumor
cell, while positive expression was defined as the presence of
nuclear staining of tumor cells, irrespective of the proportion or
intensity. Infiltrating lymphocytes, stromal cells and adjacent
non neoplastic epithelium served as internal positive controls.
Immunostaining was performed using a Roche Benchmark XT
system and anti-CD3 (Clone 2GV6, Ventana—Roche), anti-CD8
(Clone SP57, Ventana—Roche), anti-HER2/Neu (Clone 4B5,
Ventana—Roche), and anti-PD-L1 (Clone SP263, Ventana—
Roche) antibodies. Immunostaining was evaluated by two
independent qualified pathologists. In four cases of
discrepancy, an additional assessment was performed by a
third senior pathologist. For CD3 and CD8, average values
were obtained from examining all intra and peritumoral areas.
A semi-quantitative score was defined; CD3 and CD8 expression
was classified according to the percentage of total tumor-related
lymphocyte (peritumoral and intratumorally) staining: low (0–
34%), moderate (35–64%), and high (65–100%). PD-L1 was
evaluated using the Combined Positive Score (CPS) established
for gastric/gastroesophageal junction adenocarcinoma (37).
HER-2/Neu scoring was performed according to the College of
American Pathologists (CAP), which describes three categories:
HER2-negative (0; 1+), HER2-equivocal (2+) and HER2-positive
(3+) (38). Complete absence for CDX2 with positive internal
controls was considered negative, while any percentage of tumor
at any intensity of staining was considered positive.
Immunostaining for CDX2 was performed using the Leica
Bond system (Clone EPR2764Y, Cell Marque) (39).

DNA Purification and Targeted
DNA Sequencing
DNA was extracted from FFPE primary tumor biopsies using a
QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany).
DNA quality was evaluated based on the absorbance ratios of
A260/280 and A260/230 using a NanoDropTM 2000c
Spectrophotometer (Thermo Fisher, MA, USA). DNA quantity
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was determined using the Qubit® 2.0 Fluorometer with the
Qubit® dsDNA HS Assay Kit (Thermo Fisher). Two
independent Targeted DNA sequencing panels were employed
to allow the mutational profiling of 72 cancer driver genes (see
Supplementary Data 1). DNA libraries that were built with
GeneRead DNAseq Colorectal Cancer Panel V2 were processed
and analyzed as was previously described (31). Of note, DNA
libraries that were constructed with the AmpliSeqTM for
Illumina Cancer Hotspot Panel v2 Kit that allow the detection
of 2,800 COSMIC mutations from 50 oncogenes and tumor
suppressor genes, were prepared with 100 ng of genomic DNA as
was previously described (40). These DNA libraries were
measured using Qubit® 2.0 Fluorometer with the Qubit®

dsDNA HS Assay Kit (Thermo Fisher). All libraries were
above the minimum concentration requirement of 2 nM for
further sequencing in an Illumina MiSeq platform.

Bioinformatic Analysis
Quality control of sequencing data was performed in all samples
using the Real-Time Analysis software sequence pipeline from
Illumina. The short-read sequences were aligned against the
human reference genome (Build Hs37d5, based on NCBI
GRCh37) using the Burrows–Wheeler aligner (BWA-MEM)
algorithm. Subsequent mutational analysis was performed at
mean coverage depth ≥200 reads. Variants were filtered out
when the alternative allele depth was lower than 10 reads. The
GATK Mutect2 toolkit (https://gatk.broadinstitute.org/) was
used for single nucleotide variant (SNV) calling. Variant
annotation was performed using several resources and
databases such as: SnpEff, dbNSFP, PhyloP, SIFT, PolyPhen2,
MutationTaster, LRT, and CADD. The GnomAD resource
(https://gnomad.broadinstitute.org/) was used to evaluate
variant frequency in the global population. All mutations were
evaluated using the Integrative Genomics Viewer (https://
software.broadinstitute.org/software/igv/). To perform a
comparative analysis of the mutational profile identified in our
cohort of patients (HBU), we analyzed rectal cancer datasets
obtained from The Cancer Genome Atlas (TCGA) and the
Memorial Sloan Kettering Cancer Center project (MSKCC)
retrieved from the cBioPortal resource (http://www.cbioportal.
org/). The DNA sequencing data can be found at SRA (ID:
PRJNA633284) and Supplementary Data 1.

Statistical Analysis
To compare categorical data between groups, the Chi-square test
or Fisher’s exact test were used. Continuous data were compared
with the Student’s t-test or Wilcoxon rank sum test. Survival
curves were estimated using the Kaplan–Meier method and
compared using the log-rank test. Two-tailed p-values were
calculated and p-values <0.05 were considered as significant.
The primary endpoints of clinical interest were CRT response
evaluated by CAP, local and distal recurrence risk (local
recurrence-free survival and metastasis-free survival), and DFS
and OS as secondary endpoints. DFS was defined as the time
from the first day of CRT until clinical or radiological disease
recurrence or death from any cause. OS was defined as the time
from treatment initiation to death from any cause. We used the
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cox proportional hazards regression models to estimate hazard
ratios (HR) and 95% confidence intervals (CI) for the
associations between the factors and follow-up in a step-by-
step approach. First, univariable logistic regression was
performed on variables of interest in relation to the outcome.
Second, only variables detected in more than 90% of the analyzed
cases which achieved p <0.1 in the univariable analysis were
included for further evaluation in a multivariable Cox
proportional hazards model. In our final multivariate model
only statistically significant associated variable (p <0.05) were
included adjusted for the following covariates: pT, pN, pCRM,
NPS, CEA, CA19.9, perineural invasion, and age. We noticed no
violation of the proportional hazards assumption in visual
inspection of log–log plots and Schoenfeld residuals plotted
against follow-up time. The hierarchical clustering on principal
components (HCPC) method provided by the FactoMineR R
TME upfront surgery package (http://factominer.free.fr/) was
employed to identify patient clusters in an unsupervised and
multivariate approach. Briefly, the Principal Component method
is used as a preprocessing step for the clustering in order to
denoise the data and to balance groups of variables included in
the model. The PCA representation is also used to visualize the
hierarchical tree and/or the partitions before the hierarchical
clustering of patients based on Euclidean distances. The included
clinicopathological and molecular variables were: treatment
(CRT, I + CRT, and TME upfront surgery), gender, age (<50
years old), distance, cT3/T4, pT3/T4, cN, pN, EMVI, cCRM,
pCRM, lateral lymph node dissection, CEA, CA19.9, NPS, NAR,
CAP, Downstaging, adjuvancy, TME, diseases progression (local
recurrence, metastasis or death), TILs density, perineural
invasion, vascular invasion, MMR, KRAS, APC, and TP53
mutational status. Cluster characterization was performed by
visual representation of the v-test values associated with variables
that were significantly contributing with the clusters partition
(p <0.05). All statistical data analyses were performed using R
Statistical Software. This study complied with reporting
recommendations for tumor marker prognostic studies
(REMARK) criteria.
RESULTS AND DISCUSSION

Patient Cohort and Treatment Response
Seventy-six non-metastatic RC patients were enrolled for the
present study (Figure 1). The median age at diagnosis was 61
years old, outlining that 28% (20 out of 76) of patients were under
50 years at diagnosis. Sixty-one locally advanced rectal cancer
patients (61 out of 76) were assigned to CRT neoadjuvant therapy
(25 to CRT and 36 to I + CRT) followed by TME surgery
(Table 1). The remaining fifteen patients (15 out of 76) without
locally advanced disease were assigned to TME upfront surgery
(Table 1). Extended clinicopathological, demographic, and
molecular data are summarized in Supplementary Table 1. The
demographic characteristics of this cohort are in agreement with
previously reported ones, confirming the high prevalence of males
(67%) and young patients, which is coincident with a sustained
increased incidence of CRC in young people worldwide,
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particularly in RC (41–44). The cohort was characterized by
intermediate and high-risk tumors at diagnosis: cT3–cT4
(85.5% of the cases), stage III (50%), EMVI+ (33%) and MRC+
(71%), similarly to previous studies in our country (16, 45).
Mucinous adenocarcinomas were observed in 10% of the cases,
with nearly all locally advanced disease at diagnosis and a
significant association with treatment assignment (p = 0.04;
Supplementary Table 1).

With respect to the subgroup of patients who underwent
direct surgery (n = 15), a total mesorectum excision (TME) was
performed in all patients. The median number of nodes resected
was 14 (range 9–28). Complete mesorectum plane and negative
margins were obtained in all subjects. Oxaliplatin-based adjuvant
therapy was administered in 7 out of 15 cases due to the presence
of involved lymph nodes.
Frontiers in Oncology | www.frontiersin.org 566
The response to neoadjuvant treatment was evaluated in 49
patients 8 weeks after completing the CRT treatment as described
in Figure 1. A limiting factor of the current study behind the
sample size was the discontinuation of the neoadjuvant treatment
in 20% of the patients (12 out of 61) due to comorbidities and
socioeconomic factors. The median number of resected lymph
nodes was 13 (range 8–24). Complete tumor regression (adding
cCR and pCR) was 18% in agreement with previous prospective
studies and institutional series (14, 46–48). The EMVI and CRM
negativization after neoadjuvant treatment was 87.5 and 77.5%,
respectively. A good response to neoadjuvant treatment (defined
as cCR or CAP G0–G1) was achieved by 41% of the patients (20
out of 49) (Supplementary Table 2). On the other hand, a poor
response to neoadjuvant treatment (defined as CAP G2–G3 and/
or unresectable tumors) was presented by 59% of the patients
FIGURE 1 | Description of the study design and participants recruited by the multidisciplinary team (MDT). Flow chart showing the composition of the cohort,
outcomes and results. Response assessment to neoadjuvant treatment (CRT) was determined in 49 patients as indicated at the bottom of the flow chart, including
43 total mesorectal excisions (TME), 3 watch and wait, and 3 non-resectable (NR) cases.
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(29 out of 49). According to NAR score assessment, 37.8% of the
patients showed a score below 8, and downstaging was observed in
57% of the cases (28 out of 49).When CRT response was evaluated
by CAP, NAR, and pathological downstaging, we observed a good
correlation between parameters. However, when CAP, NAR, and
pathological downstaging were evaluated with the appearance of
long-term oncological events, only the CAP showed a significant
association (p <0.05).

Seventy-six RC patients were evaluated for the initial descriptive
analysis, of which 12 were excluded due to insufficient follow-up.
Thus, the entire cohort that completed the planned treatment with
follow-up data was 64 patients (Figure 1). The median follow-up
time was 22.5 months (IQR 7–34 months) after TME surgery of
which 6 patients presented local recurrence (8%), 4 presented
synchronous local and distant progression (6%), and 14
developed only distant metastases (22%). The predominant
metastatic pattern was at the liver, lungs and with less frequency
on retroperitoneal lymph nodes and peritoneum. During follow up,
13 patients died (20%), of which 11 were due to disease (17%). The
estimates for 2-year DFS and OS were 65 and 80%, respectively.
Usually, the highest risk of local and distant recurrence in rectal
cancer is presented during the first two years of surveillance, which
coincides with the median follow-up of our cohort.

Analysis of Mismatch Repair Protein
Deficiency and Immune-Related Markers
Several genomic and epigenomic studies have contributed to the
understanding of the molecular pathogenesis of CRC, allowing
the classification of patients in the microsatellite stable (MSS)
and the microsatellite instability-high (MSI-H) groups. The MSS
group constitutes 85% of all CRCs cases and exhibits proficient
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DNA mismatch repair mechanisms (pMMR), and low tumor
mutational burden (TMB) (49–51). While the MSI-H group
constitutes the remaining 15% of the cases and is characterized
by defects in the DNA mismatch repair program (dMMR),
frequently resulting in a high TMB. The microsatellite stability
status of all non-metastatic RC was evaluated by IHC expression
analysis of the mismatch repair proteins MLH1, MSH2, MSH6,
and PMS2 for their further classification in pMMR or dMMR
tumors. We detected 7% of dMMR cases (5 out of 76) of which
four were patients assigned to the I + CRT treatment (p >0.05).
Rectal location has been identified as the tumor location with the
lowest prevalence of tumors associated with dMMR (2–5%) that
is in agreement with our results (52, 53). Interestingly, a gradient
from dMMR to pMMR has been described in the right colon
(22.3%), left colon (4.6%), and rectum (0.7%) (52). The median
age of the dMMR patients was 49 years and their associated MSI-
H tumors were characterized as MSH2-MSH6 deficient and not
cases of MLH1 deficiency were detected. Regarding the clinical
presentation, 4 out of 5 dMMR patients required neoadjuvant
treatment based on induction followed by CRT due to locally
advanced disease. These cases were reported as poor responders
to neoadjuvant therapy. The lower tumor regression rate efficacy
of dMMR cases and even tumor progression with neoadjuvant
regimens based on oxaliplatin has recently been described in
prospective and retrospective trials (23, 54). While 84% of the
young RC patients (21 out of 25) were characterized as pMMR
tumors with locally advanced disease at diagnosis that have been
previously associated with patients with delayed diagnosis (55,
56). Previous studies have showed that dMMR CRC patients are
significantly more sensitive to immune checkpoint inhibitors
than pMMR cases (57, 58). Furthermore, a recent study revealed
TABLE 1 | Clinical and demographics data of the non-metastatic rectal cancer cohort according to the treatment assigned.

Patient Characteristics* (n = 76) CRT (n = 25) I + CRT (n = 36) Upfront surgery (n = 15)

Median age at diagnosis 63 (54–69) 59 (45–64) 64 (51–68)
Gender
Female 8 (32) 11 (31) 6 (40)
Male 17 (68) 25 (69) 9 (60)

Distance from the anal verge
0–70 mm 11 (44) 17 (47) 4 (27)
71–120 mm 9 (36) 15 (42) 9 (60)
>120 mm 5 (20) 4 (11) 2 (13)

TNM#

Stage I (T1–T2, N0) 1 (4) 0 (0) 10 (67)
Stage II (T3–T4, N0) 18 (72) 5 (14) 4 (27)
Stage III (any T, N+) 6 (24) 31 (86) 1 (6)

EMVI#

Positive 6 (24) 18 (50) 1 (7)
Negative 19 (76) 18 (50) 14 (93)

CRM#

Positive 18 (72) 34 (94) 2 (13)
Negative 7 (28) 2 (6) 13 (87)

Lateral lymph nodes#

Present 1 (4) 12 (33) 0 (0)
Absent 24 (96) 24 (67) 15 (100)

Histology#

Mucinous 0 (0) 7 (19) 1 (7)
Others 25 (100) 29 (81) 14 (93)
January 2022 | V
*Number of patients (%) unless otherwise stated.
#Statistically significant differences among treatments (p <0.05).
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that dMMR CRC are related to an pro-inflammatory tumor
microenvironment, increased expression of immune-related genes
and enhanced immunogenicity compared to pMMR cases (59).

CD3 and CD8 tumor-infiltrating lymphocytes (TILs) and
PD-L1 expression were evaluated in fifty-one RC patients that
underwent neoadjuvant therapy (Figure 2). CD3 and CD8 TILs
density was low in 75% (38 out of 51) and 92% (47 out of 51) of
RC respectively. While moderate CD3 (13 out of 51) and CD8 (2
out of 51) TILs density were detected in the remaining cases. PD-
L1 positivity (CPS >1%) was detected in 20% of RC patients that
underwent neoadjuvant therapy (10 out of 51), and high PD-L1
expression levels (CPS >10%) was detected in only one of the
positive cases (1 out of 10). While the remaining 80% of RC
samples showed low PD-L1 expression levels (CP S<1%) (41 out
of 51). The low CD3−CD8 TILs density and PD-L1 expression
detected are in agreement with a previous transcriptomic-based
study reported by us that classified the non-metastatic RC as
CMS2 (31), that are mainly associated with a poorly
immunogenic stromal component (60). Finally, when HER2
and CDX2 immunodetections were assessed, two cases of
HER2 expression were detected (2 out of 76), while CDX2 was
expressed in almost all non-metastatic RC cases (73 out of 76).
The low prevalence of CDX2 negative (4%) and HER2 positive
(3%) cases is coincident with previously reported series (24, 61,
62). No statistically significant associations were found between
HER2, CDX2, CD3−CD8 TILs density, and PD-L1 expression
and CRT treatment response and outcomes (p >0.05)
(Supplementary Table 1).

Mutational Profile and Predictive and
Prognostic Factors
Targeted DNA sequencing was performed in 55 pretreatment
biopsies using the Illumina Cancer Hotspot Panel and the
GeneRead DNAseq Colorectal Cancer Panel in 18 and 37 RC
Frontiers in Oncology | www.frontiersin.org 768
cases respectively. Furthermore, KRAS, NRAS, and BRAF
mutational status were complementary obtained by direct PCR
sequencing in 18 additional RC patients, totalizing 73 out of 76
included cases. We detected 230 somatic mutations among 82% of
RC cases (60 out of 73) including 54% missense mutations (123/
230), 20% nonsense mutations (46/230), 14% intronic variants
(33/230), 6% Indel frameshift mutations (13/230), 4% splice site
mutations (10/230), 1% In-frame deletions (3/230), and others
(Supplementary Data 1). Among the most frequently mutated
genes, we detected TP53 (64%), APC (58%), KRAS (42%), ATM
(18%), and PIK3CA (16%) (Figure 3). The comparative frequency
of mutations of the non-metastatic RC cases of our cohort (HBU)
and the derived from the TCGA and MSKCC datasets is shown in
Figure 4A. Similar mutational frequency distributions were
observed across cohorts, where the most frequently mutated
genes were TP53, APC, KRAS, ATM, and PIK3CA. The rectal
carcinomas from patients assigned to CRT were characterized by
an increased frequency of mutated cases (90% for CRT and 92%
for I + CRT) compared with the TME upfront surgery group
(75%) (p <0.05). However, no significant associations with
response to treatment were observed (p >0.05) (Figure 4B). In
addition, patients with dMMR consistently presented the highest
rates of mutations detected in the cohort compared with pMMR
LARCs and early-stage RC cases (p <0.001) as expected of a
hypermutator phenotype (Figure 3B) (63–65).

The majority of the alterations found in the TP53 gene were
the ‘hotspot’ mutations involving R175H, R248Q, and R273C/H
positions. These codons are among the most frequently mutated
in CRC patients and lead to the loss of the DNA-binding
capability and the TP53 transcriptional activity function. APC
gene was predominantly characterized by stop gain mutation in
81% of the mutated cases (26 out of 32) followed by InDel
frameshift mutations (Figure 3A). Tumors harboring KRAS
alterations were characterized by the predominant presence of
FIGURE 2 | Immunohistochemical markers assessed in the non-metastatic rectal cancer cohort. Representative immunohistochemistry results for high and low CD3
and CD8 TILs, PD-L1 expression (up and down panels respectively), high HER2 and CDX2-expressing tumors.
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the A146T, G12D/A/V/S activating mutations followed by
G13D, T74P, and G115E AA substitutions (Figure 4C). KRAS
mutation is the most common canonical gain-of-function
mutation in CRC, and earlier functional studies clearly
demonstrated that mutant KRAS leads to an epidermal growth
factor receptor-independent disturbance of the RAS/RAF/
MAPK pathway, which regulates cell proliferation and survival
in CRC (66, 67). We were also able to detect potentially
actionable mutations in PIK3CA involving C420R, E542K,
Q546K, and H1047R positions, although they do not have
sufficient evidence to be included in treatment guidelines.

When clinicopathological and molecular features were
evaluated in univariate and multivariate models to determine
their independent predictive values, high NPS (OR = 10.52 95%
CI = 1.34–82.64; p = 0.025) and KRASmutated cases (OR = 5.49;
95%CI = 1.06–28.40; p = 0.042) were associated with poor
response to neoadjuvant treatment (Supplementary Table 3).
In addition, a poor pathological tumor regression (CAP 2–3)
showed a statistically significant association with worse outcome
(HR = 3.45 95%CI = 1.14–10.44; p = 0.028). Patients with CAP
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0–1 showed an estimated DFS at 50 months of 80% vs. 40% in
those with CAP 2–3 (p = 0.0175).

To further evaluate the independent prognostic value of the
clinicopathological and molecular features, we next performed a
multivariate Cox proportional-hazard analysis that included
relevant prognostic factors such as: pT, pN, pCRM, NPS, CEA,
CA19.9, perineural invasion, and age. This analysis showed that
the KRAS mutational status was independently associated with
higher risk of local recurrence (HR = 9.68; 95%CI = 1.01–93.2;
p <0.05) and shorter DFS (HR = 2.55; 95%CI = 1.05–6.21;
p <0.05) (Figure 4D); while high CEA serum levels were
associated with worse DFS (HR = 2.63; 95%CI = 1.01–6.85;
p <0.05) (Supplementary Figure 1). Furthermore, increased
CEA levels and KRAS mutated cases were also associated to
worse metastasis-free survival and disease-free survival in
univariate analysis (Supplementary Figure 1). Regarding cancer
specific OS, KRASmutated, pCRM and pT3-T4 were associated to
higher mortality rates due to cancer (Supplementary Figure 1).
Overall, the results show that the KRAS mutational status was
highly informative as independent prognostic and predictive
A

B

FIGURE 3 | Mutational profile of non-metastatic rectal cancer based on two Targeted DNA Sequencing panels. (A) Tile plot showing recurrent altered cancer driver
genes in RC cases according to the treatment assigned and response to the preoperative neoadjuvant treatments. (B) Box plot of the number of mutations in early-
stage tumors and locally advanced rectal cancer (LARC) among proficient (pMMR in white) and deficient mismatch repair (pMMR in gray) rectal cancer.
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marker in non-metastatic RC patients adding relevant
information beyond that provided by the standard clinical factors.

Integrative and Unsupervised Analysis
of RC Patients
Hierarchical Clustering on Principal Components (HCPC) method
was applied with the aim to identify cluster of non-metastatic RC
patients with shared clinicopathological and molecular features.
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Unsupervised analysis demonstrates a clear segregation of RC
samples in two distinctive clusters based on the first bifurcation
of the clustering dendrogram (Figure 5A) or in the similarity
distances from dimension 1 in the multidimensional scaling plot
(Figure 5B) based on the 28 integrated variables. The RC cluster 1
was constituted by 39 patients of which 69% were assigned to CRT/
I + CRT (27 out of 39) and 31% to upfront surgery (12 out of 39).
While the RC cluster 2 was composed by 37 patients of which 92%
A

B

D

C

FIGURE 4 | Comparative mutational profile of the most prevalent cancer driver genes in non-metastatic RC cases. (A) Comparative frequency of mutations in our
non-metastatic cohort (HBU in blue bars), TCGA (red bars) and MSKCC (green bars) RC cohorts. (B) Comparative analysis of the most frequently mutated cancer
driver genes according treatment assignment (CRT in green bars, I + CRT in yellows bars and TME upfront surgery in gray bars). (C) Most frequently KRAS
missense mutations detected among RC cases. (D) Univariate Kaplan–Meier survival analysis and Cox regression analysis according the KRAS mutational status of
RC cases. Survival analysis revealed that the KRAS mutated cases were particularly associated with shorter local recurrence-free survival and disease-free survival as
showed by their hazard ratios determined in the univariate (HR) and multivariate (HR*) models.
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(34 out of 37) were assigned to CRT/I + CRT and 8% to upfront
surgery (3 out of 37). Univariate survival analysis revealed that the
RC cluster 2 was particularly associated with shorter overall specific
survival (HR = 20.64; 95%CI = 2.63–162.2; p <0.0001), metastasis-
free survival (HR = 3.67; 95%CI = 1.22–11.03; p = 0.012); local
recurrence-free survival (HR = 3.34; 95%CI = 0.96–11.59; p =
Frontiers in Oncology | www.frontiersin.org 1071
0.043) and disease-free survival (HR = 2.68; 95%CI = 1.18–6.06; p =
0.012) compared with the good prognosis cluster 1 (Figure 5C).
The multivariate Cox proportional-hazard analysis including the
clinicopathological factors used to identify the RC clusters showed
a non-independent association between variables as expected.
We then identified the statistically significant variables
A

C

D

B

FIGURE 5 | Multivariate and unsupervised analysis of clinicopathological, immune and mutational markers of the non-metastatic RC cohort. (A) The seventy-six
patients were segregated into two classes: cluster 1 (in blue) and cluster 2 (in red) based on the first bifurcation of the dendrogram produced by the hierarchical
clustering partitioning analysis of samples. (B) Multidimensional scaling plot showing the euclidean distance of each sample from each other determined by their
similarities in the included variables. (C) Univariate Kaplan–Meier survival analysis RC cases according to their assigned cluster. Survival analysis revealed that cluster
2 was particularly associated with shorter disease-free survival, death-specific survival, local recurrence-free survival, and metastasis-free survival compared with
cluster 1. (D) Heatmap of the significant statistical variables (p <0.05) that contributes with clusters discrimination based on positive (in red) and negative (in blue) v-
test values.
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contributing to the clusters partition using a v-test based on the
hypergeometric distribution to characterize the patients’
composition of the non-metastatic RC clusters (Figure 5D). The
worst prognosis cluster 2 was enriched by stage III/IV, NAR >8,
CAP 3–4, pCRM+, high NPS cases with vascular and perineural
invasion. The best prognosis cluster 1 was characterized by
moderate clinical risk tumors and good responders to nCRT
(Figure 5C). Furthermore, the worst prognosis cluster 2 was also
enriched with 53% of KRAS mutated, 75% of TP53 mutated and
68% of CD3−CD8 TILs low density cases compared with the best
prognosis cluster 1 with 28% of KRAS mutated, 52% of TP53
mutated and 44% of CD3−CD8 TILs low density cases. It is known
that KRAS, BRAF, and MAPK related mutations decrease the
expression of the Major Histocompatibility Complex (MHC)
class I genes, as well as the expression of other genes that encode
essential peptides cargo molecules. These alterations can reduce the
inflammation of tumors and the immunogenic death of their cells
by decreasing the density of the ligands available for recognition by
T lymphocytes (68, 69). Previous studies have shown that KRAS
mutation is associated with reduced expression of genes related
with innate and adaptive immunity and explicitly suppressing the
Th1/cytotoxic immune infiltration in colorectal cancer (31, 70, 71).
Recently our group reported that good responders to nCRT
displayed a higher density of B cells and were not enriched by
KRAS mutations (31). In addition, TP53mutations could also lead
to immunosuppression processes avoiding the production of
crucial chemokines involved in the recruitment of natural killer
(NK) cells and T lymphocytes to the tumor microenvironment
(72). Consistently, RC cluster 2 tumors showed elevated NPS
compared with cluster 1 tumors. NPS is a systemic inflammatory
response marker that was significantly associated with a worse CRT
response (Supplementary Table 2) and has been described in
different CRC series independently of TNM, although it has not yet
been prospectively validated (73, 74). It is noteworthy that the
higher relative values of circulating neutrophils in poor responders
(reflected by a higher NPS) and its association with poor survival
have been related to neutrophils’ capability to remodel the tumor
microenvironment towards a more favorable immunoresistant
profile (75).

This real-world setting prospective study of RC patients
subject to standard nCRT showed that high NPS and KRAS
mutated cases are independent predictive factors significantly
associated with a worse response to treatment. These results are
congruent with previous studies, although these predictive
markers are not included in the current guidelines. In addition,
we also outlined that mucinous and dMMR RC showed poor
tumoral regression after nCRT. Moreover, it was not statistical
significative probably due to the low frequency of this features, is
clinically significative, reinforcing results of other series. Our
analyses also show that high CEA levels and KRAS mutational
status are independent prognostic factors that could help
anticipate worse outcomes during follow-up.

It is important to mention that diverse comorbidities and
socioeconomic factors intrinsic with our public health system
affected the final sample size of this prospective study due to
interruption of the assigned treatments and/or loss of follow-up.
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Inparticular, adherence toneoadjuvant treatmentwas interfered by
economic needed that implied the discontinuation of the patient´s
treatment, undermining the statistical power of our study.

In conclusion, the comprehensive clinicopathological and
molecular characterization of the non-metastatic RC cohort
allowed us to identify the most relevant changes and prognostic/
predictive factors.More importantly, our findings indicate that two
distinctive RC patient clusters with prognostic value can be
identified in a multivariate integrative approach, highlighting the
synergic role of KRAS and TP53mutational status with the tumor
immune infiltrate. The identified clusters and their associated
clinicopathological and molecular factors constitute a framework
to develop a risk scoring system that may help to stratify patients
with non-metastatic RC at the time of the therapeutic approach.
Further independent validation analyses of non-metastatic RC
cases need to be performed to evaluate the applicability of our
model in the clinical setting.
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Comparison Between MSCT and MRI
Wenjuan Liu1, Yuyi Li2, Xue Zhang3, Jia Li1, Jing Sun1, Han Lv1* and Zhenchang Wang1*
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Jining, China

Background: It is well established that magnetic resonance imaging (MRI) is better than
multi-slice computed tomography (MSCT) for the accurate diagnosis of pretreatment
tumor (T) and node (N) staging of rectal cancer. However, the diagnostic value of MRI and
MSCT in local restaging of rectal cancer after neoadjuvant chemoradiotherapy (NCRT) is
controversial. The aim of this study is to investigate the performance of the two imaging
exams in restaging of patients with rectal cancer.

Methods: Patients with rectal cancer from April 2015 to April 2021 were analyzed
retrospectively. The inclusion criteria are as follows: 1) diagnosis of rectal cancer through
pathology; 2) NCRT had been performed; 3) all patients had undergone both MSCT and
MRI examination before the surgery. Exclusion criteria are as follows: 1) incomplete clinical
and imaging data; 2) previous history of pelvic surgery. Two radiologists performed T and
N staging of patient images. Diagnostic accuracy, consistency analysis, and error
restaging distribution of the two imaging exams for T and N restaging of rectal cancer
were assessed using postoperative pathological staging as the gold standard.

Results: A total of 62 patients (49 men; mean age: 59 years; age range 29–83 years) were
included in the study. The diagnostic accuracy of MSCT and MRI for T restaging was
51.6% (95% CI 39.3%–63.9%) and 41.9% (95% CI 29.6%–54.2%), respectively, and no
statistical difference was found between them (p > 0.05). The diagnostic accuracy of
MSCT and MRI for N restaging was 56.5% (95% CI 44.2%–68.8%) and 53.2% (95% CI
40.8%–65.6%), respectively, and no statistical difference was found between them (p >
0.05). The consistency analysis showed that T restaging (k = 0.583, p < 0.001) and N
restaging (k = 0.644, p < 0.001) were similar between MSCT and MRI. There was no
significant difference in the distribution of over, accurate, or low staging in T restaging (p >
0.05) and N restaging (p > 0.05) between MSCT and MRI.

Conclusions: MSCT and MRI have similarly poor performance in the diagnosis of
preoperative T and N restaging of rectal cancer after NCRT. Neither of them cannot
January 2022 | Volume 11 | Article 806749176
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effectively stage the ypT0-1 of rectal cancer. These findings may be of clinical relevance for
planning less imaging exam.
Keywords: rectal cancer, magnetic resonance imaging, multi-slice computed tomography, neoadjuvant
chemoradiotherapy, restaging
INTRODUCTION

Rectal cancer is the third most common malignant tumor
worldwide (1), and most patients are already in an advanced
stage at the time of tumor detection. The clinical practice
guideline for colorectal cancer recommends preoperative
neoadjuvant chemoradiotherapy (NCRT) for patients with tumor
(T) 3 and/or node (N) + staging resectable rectal cancer, and NCRT
must be performed for patients with T4 staging or locally advanced
unresectable rectal cancer (2). Different restagings lead to different
treatment schemes. For rectal cancer patients with complete clinical
remission after NCRT, “watch and wait” is a new treatment strategy
(3). Therefore, T and N restaging using imaging examination after
NCRT for rectal cancer is very important for treatment choice.

Magnetic resonance imaging (MRI) is the most accurate imaging
modality for rectal cancer because it offers the advantages of
superior soft-tissue contrast, multiplanar imaging, and functional
assessment (4). It is well established that MRI is better than multi-
slice computed tomography (MSCT) for the accurate diagnosis of
pretreatment T and N staging of rectal cancer (5–7). Although the
average accuracy of MRI for T staging of rectal cancer without
NCRT could reach 85% (8), it is only 52% in patients with NCRT
(9). Zhan et al. (10) reported that the overall accuracy of MRI for T
and N restaging was 49% and 63.8%, respectively. Necrosis, edema,
and inflammatory status of peritumoral tissue, residual cancer
tissue, and alternative fibrous scar tissue of rectal tumors after
NCRT make great challenges for accurate restaging.

Therefore, many studies focused on the comparison of the
efficacy of different imaging exams and instruments after NCRT
for rectal cancer (9, 11). To our knowledge, there are few studies
on the comparison of rectal cancer restaging after NCRT using
MSCT and MRI. MSCT is mainly used for the staging of patients
with advanced rectal cancer, especially those with other organ
metastases; therefore, pelvic MSCT is always performed in
patients with rectal cancer clinically. The differences in the
accuracy comparison between MRI and MSCT for T and N
restaging of rectal cancer after NCRT are still controversial (12).

At present, clinicians experience difficulties in selecting
appropriate imaging exams in the clinical setting of restaging
in rectal cancer with NCRT. They always ordered both MSCT
and MRI. To determine which imaging method had better
performance, this paper evaluated the diagnostic accuracy
between MRI and MSCT of rectal cancer restaging after NCRT.
MATERIALS AND METHODS

Patient Selection
Clinical data from patients with rectal cancer who were
hospitalized in the general surgery department at the Beijing
277
Friendship Hospital Affiliated to Capital Medical University
between April 2015 and April 2021 were analyzed
retrospectively. The following inclusion criteria were
considered: 1) diagnosis of rectal cancer by pathology; 2)
NCRT had been performed; 3) all patients had undergone both
MSCT and MRI examination before the surgery. Exclusion
criteria were as follows: 1) incomplete clinical and imaging
data; 2) previous history of pelvic surgery. Age, sex, the
distance of neoplasia from the anal verge, and the time interval
between imaging exams and surgery were considered. All data
were retrospectively collected into a dedicated database.

Treatment
All patients in this study underwent NCRT before the surgery
(13). The American Varian Clinac iX linear accelerator was used
in conventional fractionated radiotherapy. The irradiation
experienced by each patient was five fields, and the total dose
was 5,000 cGy. The number of irradiation events was 25, and
radiotherapy was performed 5 days a week for 5 weeks.
Simultaneously, capecitabine tablets (Shanghai Roche
Pharmaceuticals Ltd., H20073024) 1,650 mg/(m2·day) were
given orally in the morning and evening. Patients were treated
continuously for 14 days, followed by a rest period of 7 days,
which together comprised one treatment cycle; all patients
underwent a total of two cycles at least.

Imaging Techniques
Before operation and after the NCRT, all patients with rectal
cancer were examined by MSCT and MRI.

MSCT examinations were performed using an MSCT scanner
(Lightspeed; GE Medical Systems, USA) with a 64-row detector.
Scanning parameters were as follows: tube voltage 120 kV, tube
current 125–300 mA, collimation slice thickness 0.5–0.75 mm,
pitch 0.6–1.25, reconstruction slice thickness 3.5 mm,
reconstruction interval 3–5 mm, multiplanar 3D volume
rendering reconstruction slice thickness 0.5–1.0 mm, interval
0.3–0.5 mm. All patients were administered with an intravenous
contrast medium (2 ml/kg; flow rate 3 ml/s; Omnipaque 320)
and underwent MSCT imaging of the abdomen and pelvis—
from the top of the diaphragm to the lower margin of the pubic
symphysis. The arterial and venous images were collected at 25
and 60 s. Axial images were reconstructed in the coronal and
sagittal planes for interactive multiplanar image viewing on
a workstation.

On a separate day, MRI examinations were performed with a
3.0T unit (Discovery MR750; GE Medical Systems, USA) using a
16-channel phased array body surface coil. The scan covered the
entire pelvis. In accordance with the standards for clinical
routine imaging examination, the scanning sequence included
T2-weighted imaging (T2WI), high-resolution small-field FSE-
January 2022 | Volume 11 | Article 806749

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. MSCT and MRI in Rectal Cancer
T2WI, diffusion-weighted imaging (DWI), and T1WI-vibe
dynamic enhancement. Detailed MRI protocol is reported in
Table 1. The b-value of DWI was set to 50 and 800 s/mm2; the
system automatically generated the ADC diagram. Dynamic
enhanced sagittal T1WI was performed last. Gadolinium-
Diethylenetriaminepentaacetic acid contrast agent was injected
into the vein at the back of the hand in a dose of 0.1 ml/kg, and
the injection rate was 2.5 ml/s. The bladder of each patient was
moderately filled, and the intestines were unprepared before
MRI scanning.

Image Analysis
All images were analyzed and reviewed at a workstation. T and N
restaging of MSCT and MRI images was analyzed separately by
two radiologists (XZ and WL) with different experiences (8 years
and 13 years, respectively) for the interpretation of pelvic CT and
MRI studies. In case of disagreement, consensus was reached
after consultation. Each radiologist was aware that patients had
been referred for rectal cancer restaging but was unaware of the
final operative and histopathologic results. Overall, T and N
restaging criteria were based on the tumor-node-metastasis
(TNM) standard developed by the American Joint Committee
on Cancer (AJCC) (14).

T staging criteria of MSCT were as follows (15): absence of
intestinal wall thickening was defined as T0; intraluminal
projection of a lesion without any visible distortion of the
bowel wall layers was classified as T1; patients with
asymmetrical thickening projecting intraluminally, smooth
preservation of muscle coat, and clear adjacent perirectal fat
were classed as T2; smooth or nodular extension of a discrete
mass and disruption of the muscle coat with extension into
perirectal fat were classed as T3; patients with nodular
penetration through the peritonealized area of the muscle coat
and with tumor penetration into adjacent organs were recorded
as T4.

T staging criteria of MRI were as follows: absence of
intestinal wall thickening was defined as T0; tumors that
appeared to be confined to the submucosa were classified as
T1; abnormal tumor signals indicating tumor extension beyond
the submucosa and invasion into the muscular layer, including
tumors in which the edge of the muscular layer of the intestinal
wall was smooth and had a clear relationship with perirectal fat,
were classed as T2; the staging criteria for T3 and T4 were the
same as those for MSCT.

For MSCT andMRI N staging, lymph nodes with a transverse
diameter >5 mm, fuzzy boundary, irregular shape, and non-
homogeneous enhancement were considered positive for
Frontiers in Oncology | www.frontiersin.org 378
metastases. An absence of enlarged lymph nodes was recorded
as N0. Patients with ≤3 enlarged lymph nodes in the mesorectal
region were classed as N1. Patients with ≥4 visibly enlarged
lymph nodes in the mesorectal region were classed as N2.

Histopathology
Surgical specimenswere evaluated by the same teamof pathologists,
and findings were reported according to the AJCC post-NCRT
tumor-node-metastasis (ypTNM) classification (14). The
histopathologic T stage after NCRT (ypT) was based on the
deepest tissue invaded by residual tumor cells in surgical specimens.

Statistics
T and N restaging of MSCT and MRI after NCRT was compared
with corresponding histopathology. The accuracy of each staging
was expressed as a percentage: accuracy (%) = the number of cases
with correct stage/the number of cases with pathological gold
standard. The total accuracy and 95% confidence interval (CI) of
MSCT and MRI were calculated. The comparison between MSCT
andMRI was analyzed with paired chi-square test (McNemar test).
The k consistency test was used to evaluate whether the restaging
effects of MSCT and MRI were consistent. We used chi-square test
(2×C) to analyze the differences among the data of overstaging,
accurate staging, and low staging. Statistical significance was set at
p ≤ 0.05. Statistical analyses were carried out with SPSS software
(SPSS 26.0; IBM Corp., Armonk, NY, USA).
RESULTS

Study Population
From an initial population of 514 patients with rectal cancer, 62
patients (49 men; mean age: 59 years; age range 29–83 years) met
the inclusion and exclusion criteria and formed the final study
group, as shown in the flowchart below (Figure 1). Detailed
demographics, tumor, and imaging exam time characteristics are
summarized in Table 2.

T Stage
The distribution of ypT, MSCT, and MRI staging is summarized
in Table 3.

On the basis of pathological staging, 3 patients (4.8%) were
diagnosed ypT0, 8 patients (13.0%) were diagnosed with ypT1,
20 patients (32.2%) were diagnosed with ypT2, 28 patients
(45.2%) were diagnosed with ypT3, and 3 (4.8%) had a ypT4
rectal cancer. Neither MSCT nor MRI could accurately diagnose
ypT0-1 staging. There was a fair agreement between MSCT and
TABLE 1 | MRI protocol for rectal cancer.

Sagittal T2WI Axis high-resolution T2WI Coronal high-resolution T2WI Axial DWI Contrast-enhanced sagittal T1WI

TR (ms)/TE (ms) 6,930/117 3,000/87 3,000/107 4,300/58 3.14/1.17
FOV (mm) 270 × 270 240 × 240 240 × 240 360 × 360 350 × 350
Number of signal average 2 2 2 2 2
Slice thickness (mm) 3.5 3 3 5 2.5
January
MRI, magnetic resonance imaging; T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging; T1WI, T1 weighted image; TR, time of repetition; TE, time of echo; FOV, field of view.
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MRI findings for T restaging of rectal cancer after NCRT (k =
0.583, p < 0.001). The T restaging accuracy of MSCT and MRI
was 51.6% (95% CI 39.3%–63.9%) and 41.9% (95% CI 29. 6%–
54.2%), respectively, and there was no significant difference
between the two examination methods (p > 0.05) (Table 4).

N Stage
The distribution of ypN, MSCT, and MRI staging is summarized
in Table 5. On the basis of pathological staging, 46 patients
(74.2%) were diagnosed ypN0, 9 patients (14.5%) were diagnosed
with ypN1, and 7 (11.3%) had a ypN2 rectal cancer. There was a
fair agreement between MSCT and MRI findings for N restaging
of rectal cancer after NCRT (k = 0.644, p < 0.001). The N
restaging accuracy of MSCT and MRI was 56.5% (95% CI
44.2%–68.8%) and 53.2% (95% CI 40.8%–65.6%), respectively,
TABLE 2 | Demographics, tumor, and imaging exam time characteristics in the
62 study patients.

Variable

Age, median (range, years) 59 (29–83)
Sex, n (%)
Male 49 (79.0)
Female 13 (21.0)
Tumor location, n (%)*
Lower rectum 34 (54.8)
Middle rectum 26 (41.9)
Upper rectum 2 (3.3)
Tumor distance from anal verge, median (range, cm) 5.8 (2.0–15.0)
Time interval between MSCT and MRI (range, day) 1 (0–4)
Time interval between MSCT and surgery (range, day) 6 (3–11)
Time interval between MRI and surgery (range, day) 6 (2–11)
MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging.
TABLE 3 | Diagnostic results of MSCT, MRI, and pathological examination for T restaging of rectal cancer after NCRT.

Pathological staging Cases T0 T1 T2 T3 T4 Accuracy (%)

MSCT MRI MSCT MRI MSCT MRI MSCT MRI MSCT MRI MSCT MRI

ypT0 3 0 0 0 0 1 1 1 2 1 0 0 0
ypT1 8 1 1 0 0 3 3 4 4 0 0 0 0
ypT2 20 0 0 0 0 6 4 13 15 1 1 30 20
ypT3 28 0 0 0 0 3 5 24 20 1 3 85.7 75
ypT4 3 0 0 0 0 0 1 1 0 2 2 66.7 66.7
Total 62 1 1 0 0 13 14 43 41 5 6 51.6 41.9
Jan
uary 2022 | Volume 1
1 | Article 80
MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging; NCRT, neoadjuvant chemoradiotherapy; T, tumor; yp, pathological staging after neoadjuvant
chemoradiotherapy.
FIGURE 1 | Participant inclusion flowchart. NCRT, neoadjuvant chemoradiotherapy; MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging.
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and there was no significant difference between the two
examination methods (p > 0.05) (Table 4).

Error Restaging Distribution
Both MSCT and MRI demonstrated over, accurate, and low
staging for T and N of rectal cancer after NCRT, respectively
(Figures 2–6). For T restaging, 24 patients (38.7%) were
overstaging and 6 patients (9.7%) were low staging with
MSCT; 29 patients (46.8%) were overstaging and 7 patients
(11.3%) were low staging with MRI. For N restaging, 18
patients (29.0%) were overstaging and 9 patients (14.5%) were
low staging with MSCT; 22 patients (35.5%) were overstaging
and 7 patients (11.3%) were low staging with MRI. There were no
significant differences in the distribution of overstaging, accurate
Frontiers in Oncology | www.frontiersin.org 580
staging, or low staging in T and N restaging between MSCT and
MRI (p > 0.05) (Table 6).
DISCUSSION

This study compared the accuracy of T and N restaging between
MSCT and MRI in patients with rectal cancer after NCRT aimed
at assessing the diagnostic value of the two imaging exams.
Although the accuracy of T3 restaging could reach 85.7%
(MSCT) and 75% (MRI), the overall restaging accuracy was
poor and the most frequent inaccuracy was overstaging. The
study also found that MSCT and MRI could not correctly restage
TABLE 5 | Diagnostic results of MSCT, MRI, and pathological examination for N restaging of rectal cancer after NCRT.

Pathological staging Cases N0 N1 N2 Accuracy (%)

MSCT MRI MSCT MRI MSCT MRI MSCT MRI

ypN0 46 32 29 8 10 6 7 51.6 63.0
ypN1 9 5 4 0 1 4 4 0 11.1
ypN2 7 4 3 0 1 3 3 42.9 42.9
Total 62 41 36 8 12 13 14 56.5 53.2
January 2022 | Volu
me 11 | Article 80
MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging; N, node; NCRT, neoadjuvant chemoradiotherapy; yp, pathological staging after neoadjuvant
chemoradiotherapy.
TABLE 4 | Comparison of accuracy between MSCT and MRI for T/N restaging of rectal cancer after NCRT.

MSCT

True (T/N) False (T/N)

MRI True (T/N) 22/28 3/4 25/32
False (T/N) 10/7 27/23 37/30

32/35 30/27 62/62
MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging; T, tumor; N, node; NCRT, neoadjuvant chemoradiotherapy.
FIGURE 2 | Rectal cancer with ypT0N0. (A) Axial MSCT depicts a heterogeneous enhancing tumor penetrating the peritoneal reflection (arrow). Over restaged as
T4. (B) MRI transverse high-resolution T2WI of rectum shows left mesorectal fascia involvement (arrow). Over restaged as T3N0. yp, pathological staging after
neoadjuvant chemoradiotherapy; T, tumor; N, node; MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging; T2WI, T2-weighted imaging.
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ypT0 and ypT1. It was reported that patients with clinical
complete remission would not be operated and observed
closely (16). Due to the poor accuracy of restaging in
preoperative imaging exams, no matter what the clinical
staging after NCRT, radical surgery was still actively carried
out in the clinic. The performances of MSCT and MRI for the
restaging were similar in the study, so clinicians might choose
one imaging exam instead of both according to clinical needs.

MRI was the main imaging modality used for local staging of
rectal cancer; MSCT was mainly used for distant metastasis
staging (17). Both MRI and MSCT were equally important.
Faletti et al. (18) reported that the accuracy of MRI for T and
N staging of rectal cancer pretreatment can reach 90.4% and
76.9%, respectively. However, radiotherapy and chemotherapy
Frontiers in Oncology | www.frontiersin.org 681
can lead to necrosis and regression of rectal tumors, as well as
fibrosis, necrosis, and other pathological reactions of connective
tissue. This makes it difficult to distinguish between tumor tissue,
fibrous scar tissue, and normal intestinal wall tissue, and this
leads to reduced accuracy of T and N staging.

In this study, the main reason for incorrect restaging was
overstaging of T0-2, and there was no significant difference
between the two methods of examination. Interestingly, similar
conclusions have been drawn by Pomerri et al. (12). But they
reported that the accuracy of ypT staging was low, whatever the
imaging technique used (37% by CT, 34% by MRI, and 27% by
endorectal ultrasound). Different from a previous study, our
study did the consistency analysis of MSCT and MRI for
restaging and the statistical analysis of the differences among
FIGURE 3 | Rectal cancer with ypT1N0. (A) Axial MSCT depicts a mass protruding into the enteric cavity (arrow) and penetrating the muscular layer. Over restaged
as T2. (B) MRI transverse high-resolution T2WI of rectum shows a hypointense mass involving muscular layer (arrow). Over restaged as T2. yp: pathological staging
after neoadjuvant chemoradiotherapy; T, tumor; N, node; MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging.
FIGURE 4 | Rectal cancer with ypT2N0. (A) Axial MSCT depicts a heterogeneous enhancing rectal tumor (arrow) with a mild rough outer wall. Over restaged as T3.
(B) MRI transverse high-resolution T2WI shows a heterogeneous signal mass involving left rear mesorectal fascia (arrow). Over restaged as T3. yp: pathological
staging after neoadjuvant chemoradiotherapy; T, tumor; N, node; MSCT, multi-slice computed tomography; MRI, magnetic resonance imaging.
January 2022 | Volume 11 | Article 806749
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over, accurate, and low staging. The accuracies of CT and MRI in
their study were lower than those in our study, which might be
due to the limitation of machine performance in that period. One
potential reason for overstaging of T0-2 in MSCT was that the
Frontiers in Oncology | www.frontiersin.org 782
density of scar tissue after NCRT was uneven, and the outer edge
of the intestinal wall was not smooth (Figures 2, 4). The reason
for overstaging of T0-2 in MRI might be due to inflammation
and edema within the fatty tissue that surrounds the tumor after
FIGURE 5 | Rectal cancer with ypT3N2. (A) Axial MSCT depicts left rectal wall thickening and mesorectal edema (arrow). Accurately restaged as T3. (B) MRI
transverse high-resolution T2WI shows thickened left rectal wall involving mesorectal fascia (arrow). Accurately restaged as T3. No enlarged lymph nodes were found
in MSCT images. Low restaged as N0 with MSCT and MRI. yp, pathological staging after neoadjuvant chemoradiotherapy; T, tumor; N, node; MSCT, multi-slice
computed tomography; MRI, magnetic resonance imaging; T2WI, T2-weighted imaging.
FIGURE 6 | Rectal cancer with ypT4N2. (A) Axial MSCT depicts whole rectal wall thickening with uneven density of adjacent mesorectum. Low restaged as T3.
(B) MRI transverse high-resolution T2WI shows thickened whole rectal wall with extensive edema and fibrosis of mesorectum. Low restaged as T3. Enlarged lymph
node (arrow) was found. Accurately restaged as N2 with MSCT and MRI. yp: pathological staging after neoadjuvant chemoradiotherapy; T, tumor; N, node; MSCT,
multi-slice computed tomography; MRI, magnetic resonance imaging.
TABLE 6 | MSCT and MRI findings in T and N restaging of rectal cancer after NCRT [n (%)].

Methods of examination T restaging (n = 62) N restaging (n = 62)

Overstaging Accurate staging Low staging Overstaging Accurate staging Low staging

MSCT 24 (38.7) 32 (51.6) 6 (9.7) 18 (29.0) 35 (56.5) 9 (14.5)
MRI 29 (46.8) 26 (41.9) 7 (11.3) 22 (35.5) 33 (53.2) 7 (11.3)
c² 1.169 0.709
P 0.557 0.702
Jan
uary 2022 | Volume 11 | A
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NCRT. This fatty tissue appeared as a mild hyperintensity on
T2WI images (Figures 2, 4). The manifestations were considered
as T3 staging caused by penetration into the muscle layer and
infiltration into the fat layer around the intestinal wall. The ypT1
patient in Figure 3 was restaged as T2 by MSCT and MRI.
Figure 3 shows the local rectal muscle layer and an abnormal
structure of equal density/signal that was pathologically
confirmed as the fibrotic component after NCRT. In some
cases, the tumor components of the mesorectum were
confused with edema and fibrosis after NCRT, which confused
T3 and T4 (Figure 4).

For N restaging, the accuracy of MSCT and MRI was only
56.5% and 53.2%, respectively, and there was no significant
difference between them (p > 0.05). Previous studies reported
that the accuracy of MRI and CT in N restaging of rectal cancer
after NCRT was 55% and 62%, respectively (12, 19). A study
showed that neither CT density or size of lymph nodes could
accurately distinguish metastatic lymph nodes from reactive
proliferative lymph nodes (12). In the patient depicted in
Figure 6, no enlarged lymph nodes were found on MSCT or
MRI, but multiple metastatic lymph nodes were found in
postoperative pathology testing. So, the accurate judgment of
pathological restaging according to imaging exam is still a
difficult problem in rectal cancer after NCRT at present from
our study, no matter the T or N.

The appropriate choice of therapeutic regime after NCRT
highly depends on the accuracy of local T and N restaging. The
current routine imaging exams are not accurate enough, since
some studies believe that MRI can provide some value in
additional features such as the circumferential resection
margin and extramural vascular invasion (4, 20). Therefore,
radical resection is often performed in the clinic. In recent
years, an increasing number of clinical studies have been
conducted to evaluate the efficacy of NCRT in rectal cancer,
and most studies suggest that radiomics are of high value for the
evaluation of tumor regression grading and pathological
complete remission (21–24). Therefore, radiomics may be one
of the most promising development directions for solving this
problem in the future.

Our study had some limitations. First, our series included a
small number of ypT0 and ypT4 lesions. Therefore, it is difficult to
determine whether our observations regarding the performance of
imaging could be applied to patients with ypT0 and ypT4. Second,
while this study is a retrospective case analysis, we only studied the
conventional sequence ofMRI and did not study the new sequence
or functional imaging. To confirm our findings, future studies
should include prospective, large-sample, multicenter,
randomized controlled methods. Finally, this study only focused
on the restaging after NCRT. In order to clarify the research goal,
we did not perform in conjunction with the pretreatment test. This
is another subject we want to study in the next step.
Frontiers in Oncology | www.frontiersin.org 883
In conclusion, the diagnostic accuracies of MSCT and MRI for
T and N restaging of rectal cancer after NCRT were poor and had
similar performances mainly due to the overstaging of ypT0-2.
Neither of the two imaging exams could effectively predict ypT0-1
staging of rectal cancer after NCRT. In general, abdominal pelvic
MSCT was always ordered in the restaging clinical setting before
surgery because it considered distant metastasis restaging and local
partial restaging in one examination. Therefore, to save medical
resources, clinicians could choose one imaging exam according to
their needs rather than both.
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Background: Radiation proctitis affects 1-20% of cancer patients undergoing radiation
exposure due to pelvic malignancies, including prostate, gynecological and rectum
cancers. The patients manifest rectal discomfort, pain, discharge, and bleeding.
Notably, the efficacy of prophylactic measures remains controversial due to the lack of
adequate animal models that mimic this condition.

Objective: The present study then aimed to develop a murine model of high-dose-rate
(HDR) brachytherapy-induced proctitis.

Material/Methods: C57BL/6 male mice were subjected to HDR (radiation source:
iridium-192 [Ir-192]) through a cylindrical propylene tube inserted 2 cm far from the anal
verge into the rectum. The animals received radiation doses once a day for three
consecutive days (fractions of 9.5 Grays [Gy]), 3.0 mm far from the applicator surface.
The sham group received only the applicator with no radiation source. The survival rate
was recorded, and a colonoscopy was performed to confirm the tissue lesion
development. Following euthanasia, samples of the rectum were collected for
histopathology, cytokines dosage (IL-6 and KC), and immunohistochemical analysis
(TNF-a and COX-2).

Results: HDR significantly reduced animals’ survival ten days post first radiation exposure
(14% survival vs. 100% in the non-irradiated group). Day seven was then used for further
investigation. Mice exposed to radiation presented with rectum injury confirmed by
colonoscopy and histopathology (P < 0.05 vs. the control group). The tissue damage
was accompanied by an inflammatory response, marked by increased KC and IL-6 tissue
levels, and immunostaining for TNF-a and COX-2 (P < 0.05 vs. control group).

Conclusions: We established a novel animal model of actinic proctitis induced by HDR
brachytherapy, marked by inflammatory damage and low animal mortality.

Keywords: brachytherapy, rectum, inflammation, animal model, actinic proctitis
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INTRODUCTION

Radiation proctitis is a side effect that affects cancer patients
undergoing radiation exposure due to pelvic malignancies (1).
Despite the progressive improvement in radiation techniques,
the incidence of such toxicity remains observed since
radiotherapy is used in association with other anticancer
therapies for many types of cancer (2). Notably, radiation
proctitis can be far more detrimental than the neoplasia for
which the treatment was indicated, as described in some cases of
low-risk prostate cancer (3).

Patients who develop radiation proctitis experience rectal
discomfort, pain, and discharge or bleeding, with the consequent
need for endoscopic interventions (1). The efficacy of prophylactic
measures, including daily intravenous use of amifostine prior to
therapy (4) or sucralfate administered by topical or oral routes (5),
remains controversial (1). Clinical management of radiation
proctitis comprises amifostine, mesalazine, sucralfate, formalin
local application, electrocoagulation, Nd-YAG laser, and
hyperbaric oxygen therapy. However, all these therapeutic options
present poor outcomes (1, 6). More invasive and aggressive
therapies, including rectal resection (3), are sometimes requested,
increasing healthcare costs and reducing patients’ quality of life (3).
Therefore, more effective therapeutic approaches are an unmet
need. Understanding the pathophysiology and molecular
mechanisms of the underlying inflammatory response could then
contribute to identifying potential therapeutic targets and open
perspectives for explaining different disease patterns even in patients
who have been treated with the same radiation dose.

To investigate the efficacy of potential drugs for preventing or
treating radiation proctitis in pre-clinical studies, a well-
established animal model in which rectal damage accompanied
with minimal mortality is highly demanded. Ashcraft and
colleagues reported a murine model of chronic radiation-
induced proctitis using an X-RAD 225-Cx (Precision X-Ray)
small animal irradiator, multiple plan configurations, and
delivering a 15 Gy 3D conformal treatment plan from a scanned
referencemouse. Their irradiation resulted in 40%mortality at 250
days and no acute mortality (7). Histopathological analysis
showed fibrosis of the irradiated colon and increased
mucous production.

Contrasting with the X-ray-based model by Ashcraft and
colleagues, high-dose-rate (HDR) iridium brachytherapy is
widely used and commonly available in radiation oncology
centers and seems to be the ideal radiotherapy modality to
induce radiation damage in mice due to its feasibility, the
small dimension of the radioisotope source and compatibility
with the cylindrical rectal anatomy. These characteristics make
fractionated radiotherapy protocols easier to be tested.
Brachytherapy can also limit the dose to the rectum, avoiding
unnecessary irradiation and damage to other structures beyond
the external beam. There is currently only one HDR
brachytherapy-based proctitis mouse model but limited
reproducibility due to the extensive radiation schedules used
(8). That study only evaluated the late radiation damage failing to
investigate the time course of the disease. Such knowledge would
ideally contribute to identifying more insidious targetable
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inflammatory mediators. In addition, none of the previous
models has used colonoscopy to evaluate radiation damage.

Therefore, the purpose of this study was to delineate a novel
animal model of actinic proctitis using HDR brachytherapy in
mice and to evaluate the expression of inflammatory markers.
The present study used a dosing schedule of three fractions of 9.5
Gy, representing a biologically effective dose (BED) of 96.2 Gy4.
It was based on dosing schedules previously investigated in
rodent models of proctitis (7, 8).
MATERIALS AND METHODS

Animals
C57BL/6 mice (20-24 g, 6-8 weeks old) were obtained from the
animal facility of the Drug Research and Development Center,
Federal University of Ceará (Fortaleza, Brazil). The Ethics
Committee on Animal Use approved the study (approval
number 50/13). The animals were kept in propylene cages (6
mice/cage) with environmental enrichment and a temperature-
controlled room (23 ± 1°C) with 50-60% relative humidity. The
mice were submitted to a 12h/12h light-dark cycle with free
access to food (Nuvilab CR1, São Paulo, Brazil) and water.
Bedding consisting of gamma-ray irradiated pine wood
shavings (Suzano, São Paulo, Brazil) was changed twice a week.
We allocated the animals into equal-sized groups (6 animals per
group). The animals received ketamine (80 mg/kg, i.m) and
xylazine (16 mg/kg, i.m.) for anesthesia, followed by cervical
dislocation for euthanasia.

Sample Size
The sample size in this study was calculated based on a pilot study
to determine the capacity of irradiation to induce a significant
cytokine-driven inflammatory response. In that step, we measured
the levels of IL-6 and KC in colon samples of irradiated and non-
irradiated mice. For both cytokines, the minimum required
number of mice per group was set as five. The calculated sample
size was then added by one mouse, considering the potential loss
of animals during the experiments. The formula for calculating
sample size when comparing twomeans, with an alpha error of 5%
(Za/2 = 1.96) and a beta error of 80%, is as follows: n =
(s12 + s22 )*(Za=2 + Zb)

2=(�x1 − �x2)
2, where n = number of

animals required in each of the two groups; s12 + s22 = mean
estimated variance of the groups to be compared; �x1, �x2 = the
means of the groups to be compared (9). A total of 118 animals
were used in this study (Supplementary Data Table 1).

Induction of Experimental High-Dose
Radiation Proctitis
The animals exposed to radiation were previously submitted to
light anesthesia with an intraperitoneal injection of ketamine (50
mg/kg) and xylazine (2 mg/kg). After animal immobilization, a
lidocaine-soaked cylindrical applicator (3.1 mm outer diameter)
was introduced into the rectum until its tip reached 20 mm far
from the anal verge. We used the high-dose rate brachytherapy
system HDR Microselectron (Nucletron, Elekta Medical Systems
LTDA, São Paulo, Brazil) with an Iridium 192 (192Ir) source and
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2.5 mm spacing between sources for proctitis induction. Each
animal was irradiated individually in a supine position. The
animals were divided into irradiated and sham groups. The first
one was exposed to radiation consisting of fractions of 9.5 Gy
once a day for three consecutive days. The target irradiated tissue
was set 3.0 mm far from the applicator’s surface. On the other
hand, the sham control group received the same cylindrical
endorectal applicator for the same period as the experimental
group but with no activation of the radiation source. After the
last irradiation exposure, the survival was accompanied by 30
days. We hastened the euthanasia of animals with signs of
imminent death, including piloerection, reduced locomotion,
inability to maintain an upright position, ataxia, tremor, and
altered breath frequency. Other groups of sham and irradiated
mice were examined by colonoscopy on days 1, 2, 7, and 30 to
detect signs of visible tissue damage, and they were euthanized
for histopathological analysis. We determined the optimal
experimental timeframe for animals’ euthanasia to harvest the
tissue samples for further analysis based on these parameters.
The schematic experimental design is depicted in Figure 1.
Frontiers in Oncology | www.frontiersin.org 387
Colonoscopy Analysis
A high-resolution mouse video endoscope (Tele Pack Vet X Led,
Strattner, Karl Storz Endoskope, Rio de Janeiro, Brazil) was used
for monitoring proctitis induction. The instrument consists of a
video control system, a light source, a video recorder, a HOPKINS
Forward Oblique flexible endoscope 30° (diameter 1.9 mm and
length 10 cm), and a protective sheath (10). A researcher blind to
the treatments performed the colonoscopy preceded by the local
instillation of a 37°C saline enema. We used the sum of a four
parameter-based tissue injury score system (range 0–12) to
measure the proctitis severity (11), as follows: perianal findings,
0 (no findings), +1 (diarrhea), +2 (blood), +3 (rectal prolapse);
transparency of the intestinal wall, 0 (vessels of all visible sizes, no
thickening), +1 (large and medium vessels visible), +2 (large
vessels barely visible), +3 (no visible vessels, maximum
thickening of the mucosa); bleeding, 0 (no bleeding), +1
(bleeding due to endoscope contact), +2 (mild spontaneous
bleeding), +3 (intense spontaneous bleeding); inflammatory
lesions, 0 (no lesions), +1 (mucosal edema), +2 (erosions), +3
(mucosal ulceration).
FIGURE 1 | Schematic experimental protocol. The mice received a sham applicator into the rectum or were exposed to a high-dose-rate radiation source consisting
of fractions of 9.5 Gy once a day for three consecutive days. The animals’ survival was then accompanied during 30 days, and the alterations at colonoscopy were
determined on days 1, 2, 7, and 30. In another experimental setting, distal colon samples were obtained for histopathology. The optimal experimental day was
chosen to further analyze inflammatory mediators by ELISA and immunohistochemistry. This figure describes the time-course of morphologic and biomarkers
changes after radiation exposure. On days one and two, the mucosal injury was detected by histopathology. On day seven, macroscopic mucosal lesions were
observable by colonoscopy. It was accompanied by increased tissue levels of inflammatory cytokines and enzymes. Half of the animals were alive on the tenth
experimental day, and pronounced mortality was evident at day 30 (> 80%).
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Histopathology Analysis
We fixed the samples in 10% neutral buffered formalin, followed
by specimens’ dehydration and paraffin embedding. Histological
sections cut at 5 µm were obtained for the hematoxylin-eosin
staining (H&E) and examined by light microscopy (magnification
× 100). Radiation injury score (RIS, cumulative score range 0–12)
was a composite of seven histopathological alterations (12): serosal
thickening, mucosal ulceration, epithelial atypia, vascular sclerosis,
intestinal wall fibrosis, lymphatic congestion, and cystic
alterations. Each parameter was graded as +0 (no changes), +1
(mild), +2 (moderate), +3 (intense injury).

IL-6 and CXCL1/KC Dosage
According to the manufacturer, the interleukin-6 (IL-6) and
keratinocytes-derived chemokine (KC) concentration was
determined in samples of the rectum using an enzyme-linked
immunosorbent assay (ELISA) (Catalog # DY406 and DY453,
DuoSet ELISA Development kit, R&D Systems, MN, USA).
Briefly, rat anti-mouse IL-6 or KC capture antibody-coated
microtiter plates were blocked with 1% bovine serum albumin
solution for 1 h. The sample and standards were added at various
dilutions in duplicate and incubated at 4 °C for 2 h at room
temperature. After washing the plates, biotinylated goat anti-
mouse IL-6 or rat anti-mouse KC detection antibody (diluted
reagent buffer 1% BSA) was added. After incubation at room
temperature for 2 h followed by a washing step, streptavidin-
HRP (diluted 1:200, 100 ml/well) was added. A substrate solution
comprised of 100 µL of a 1:1 mixture of H2O2 and
tetramethylbenzidine) was added to the plate and incubated in
the dark at room temperature for 20 min. The enzyme reaction
was stopped with 2N H2SO4, and the absorbance was measured
at 450 nm. The results are expressed as pg/g of tissue and
reported as the mean ± S.E.M.

TNF- a and COX-2 Expression
Sample cross-sections were deparaffinized and rehydrated with
xylene and graded alcohols. After antigen retrieval, the
endogenous peroxidase was blocked, and the sections were
incubated with primary rabbit anti-TNF-a antibody (1:100 in
bovine serum albumin [BSA], ABCAM) or anti-COX-2 antibody
(1:200 in BSA, Santa Cruz Biotechnology, USA) followed by
incubation with biotinylated goat anti-rabbit antibody (diluted
1:800 in BSA, Santa Cruz Biotechnology, USA). The slides were
washed and incubated with the avidin-biotin-horseradish
peroxidase conjugate (Strep ABC complex by Vectastain® ABC
Reagent and peroxidase substrate solution), according to the
Vectastain protocol (Vector Laboratories, Inc., Burlingame, CA,
United States). Immunostaining was visualized with the
chromogen 3,3’-diaminobenzidine (DAB). The negative control
sections were processed simultaneously. The slides were
counterstained with Harry’s hematoxylin, dehydrated in graded
alcohol series, cleared in xylene, and coverslipped. TNF-a and
COX-2 expressions were blinded scored based on the intensity of
the staining, as follows: no staining (0); weak staining (1);
moderate staining (2); moderate–intense staining (3); intense
staining (4), according to Lima-Júnior and colleagues (13).
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Data and Statistical Analysis
We expressed the data as the means ± standard error of the mean,
except for the histopathological and colonoscopy scores, reported as
the median values (range). After running a normality test, the
animal data were analyzed using Student’s t-test or Mann-Whitney
U-test, as appropriate. The Mantel-Cox log-rank test was used to
assess differences between survival curves. The tests were considered
statistically significant when the P-value was < 0.05. Graph Prism
version 8 (San Diego, CA, United States) was used for analysis.
RESULTS

During the model standardization, groups of mice were
irradiated with 3 x 7.5 Gy or 3 x 9.5 Gy dose schedules (data
not shown). A summary of the main experimental findings is
presented in the Supplementary Data Table 1, which indicates
the animals’ exposure to low radiation doses develop no tissue
injury. No signs of the lesion were observed when the target
irradiated tissue was set 0.5 mm far from the applicator’s surface
despite the dose used (Supplementary Data Table 1).

High-Dose Radiation Exposure Reduces
Animals’ Survival
HDR radiation exposure reduced the animals’ survival. As shown in
Figure 2, the animals’ survival was accompanied for 30 days.
Notably, more than 50% of mice died within ten days post three
cycles of 9.5 Gy radiation exposure, contrasting with 100% survival
of the animals that received the sham applicator (P < 0.01).

Radiation Exposure Induces
Intestinal Injury
We monitored by colonoscopy and histopathology the
development of radiation-related tissue damage in the distal
colon of animals at experimental days 1, 2, 7, and 30. The
search for colonoscopy findings in the mice exposed to radiation
FIGURE 2 | Irradiated mice presented reduced survival. The mice (n = 6 per
group) were exposed to three fractions of 9.5 Gy or sham applicator once a
day for three consecutive days. The animals’ survival was accompanied for
30 days. High-dose-rate radiation exposure reduces animals’ survival by
86%. **P < 0.05 vs. sham group.
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indicated that the injury was significantly established (P < 0.05)
in a time-dependent manner (Table 1) when the mice at the
experimental day seven were compared with animals at earlier
experimental time points. Additionally, the mice treated with
radiation presented with moderate to intense intestinal
alterations on the seventh day (colonoscopy score 9 [7-12],
Table 1), which was statistically different (P < 0.05) from the
sham group (0[0–0]). Visual inspection of the perianal region
indicated diarrhea and phlogosis in the animals exposed to the
radiation treatment.

As shown in Figure 3, the analysis by colonoscopy further
evidenced large vessels barely visible and thickening of the
mucosa (Figure 3D), accompanied by mild to intense
spontaneous bleeding (Figure 3E) and inflammatory lesions
marked by mucosal erosions and ulceration (Figures 3D–F).
These findings diverged from the standard tissue architecture
observed in the sham group (Figures 3A–C). The high mortality
among the radiation-exposed animals (Figure 2) hampered the
colonoscopy analysis at day 30 (Table 1). Representative
macroscopy of the intestines harvested from the sham and
irradiated mice is depicted in Figures 4A, B, respectively.
Figure 4B depicts an intestine presenting wall thickness,
hyperemia, hemorrhage, and inflammation, which contrasts
with the normal tissue from the sham group (Figure 4A).

After animals’ euthanasia on day seven, we collected distal
intestinal samples for histopathology. The semi-quantitative
analysis of the histopathological alterations (Table 1) indicated
that the radiation exposure induced a time-dependent tissue
injury, which was most pronounced at day 7 (11.5[8–12], P <
0.05 vs. days 1 and 2), contrasting with the typical findings of the
sham group (1[0–2], P < 0.05). Histopathological damage was
characterized by edema in the submucosa (Figure 5B), loss of
glandular structures and the presence of mucosal ulceration
(Figure 5D), and regenerative glandular epithelium
(Figure 5F), vascular stenosis, lymphatic vessel dilation, and
serosa thickening. Glandular epithelial regeneration with atypia
was also observable (Figure 5H). These findings contrast with
the unaltered histopathological architecture of samples from the
sham group (Figures 5A, C, E, G).

Inflammatory Markers Increase
After Irradiation
The inflammatory process markedly manifested seven days
post-radiation exposure. Notably, IL-6 (Figure 6A) and KC
(Figure 6B) levels respectively increased 590% and 690% in the
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distal intestinal tissues obtained from irradiated mice compared
with the sham group (P < 0.05). No statistical difference was
detected between the groups on the experimental days one and
two (Supplementary Data Figure 1). Additionally, the
immunohistochemical analysis revealed that TNF-a
expression augmented in the mucosa (2[1–3], Figure 7A) and
submucosa (3[2–3], Figure 7B) of the irradiated group versus
the sham group (mucosa: 1[0–1], and submucosa 1[0–2], P <
0.05). However, COX-2 expression was found to increase in the
submucosa (3[2–3], Figure 8B) but not in the mucosa (1.5[1–
2], Figure 8A) of mice exposed to radiation. Representative
expression of TNF-a and COX-2 is depicted in Figures 7C–J
and 8C–J, respectively.
DISCUSSION

The present study designed an experimental model of HDR actinic
proctitis characterized by colonoscopy and histopathological
changes and pro-inflammatory mediator production. The time
course indicated that the constellation of changes ideally
manifested on day seven post-radiation exposure with no loss of
mice at that time point. Long-term analyses were not viable given
the high animal mortality.

Actinic proctitis is considered a significant downside of
radiotherapy in oncology. Radiation-induced severe rectal
damage might be accompanied by fistulae and hemorrhage,
contributing to poor therapeutic outcomes. Despite the
improvement in radiation therapy techniques, the management
of this pathological condition remains a challenge in the clinical
setting (14). Currently, there are no available guidelines or good-
evidenced-based therapy to prevent or treat this condition, but
several therapeutic measures have been proposed with variable
results (1). Selective targeting of specific driving inflammatory
mediators might then be a promising strategy.

Animal models that closely mimic the clinical condition are
essential to understanding the underlying pathophysiology.
Currently, only two rodent models have been proposed (7, 8).
Symon and colleagues developed an HDR brachytherapy-based
proctitis mouse model in which the animals were exposed to
radiation dose schedules of 3 x 5.5 (biologically effective dose
(BED) of 39.2 Gy4) to 5 x 8 Gy (BED of 94 Gy4). However, the
tissue damage assessments were restricted to the chronic phase of
the disease (8). Those authors demonstrated a positive
correlation between inflammatory cytokines, such as IL-1b and
TABLE 1 | Colonoscopy and histopathologic scores.

Experimental day Colonoscopy scores Histopathologic scores

Sham Group Irradiated Group Sham Group Irradiated Group

1 0 (0–1) 1 (0–5) 0 (0–1) 5 (1–9) *
2 0 (0–1) 0.5 (0–2) 0 (0–2) 4.5 (3–6) *
7 0 (0–0) 9 (7–12) *,# 1 (0–2) 11.5 (8–12) *,#
30 0 (0–2) n.d. 0 (0–1) n.d.
February 2022 | Volume 1
n.d. not determined. Data analysis from 30-day irradiated group impaired by the high animal mortality (not considered for the statistical analysis). *P < 0.05 vs the sham group; #P < 0.05 vs
the experimental day 2 of the irradiated group.
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IL-6, and histologic scores (8). Another elegant study used an X-
RAD 225-Cx (Precision X-Ray) small animal irradiator, allowing
multiple planning configurations of treatment volume and
organ-at-risk avoidance. The authors delivered a single 15 Gy
3D (BED of 71.2 Gy4) conformal treatment plan and
accompanied the animals for 250 days (7). Interestingly, most
analyses were performed more than ten weeks after the animal
irradiation procedure (7). Despite the convincing conclusions
obtained in those studies, more feasible animal models are
needed to overcome methodological difficulties that limit the
reproducibility of clinical disease. Remarkably, irradiated cancer
patients that experience acute actinic proctitis are about five
times more likely to develop late manifestations than those who
are asymptomatic (15). Although such association remains
controversial (16), implementing a pharmacological
modulation of the acute condition might be a window
of opportunity.

The three dose fractions of 9.5 Gy (BED = 96.2 Gy4) used in
the present study allowed the development of a complete
spectrum of clinical symptoms in only one-week post-radiation
exposure (7, 8). Remarkably, the dose of 3 x 9.5 Gy used in the
experiments is equivalent to 64 Gy in conventional fractionation
of 2 Gy per daily fraction considering an alpha/beta ratio of 4 in
Frontiers in Oncology | www.frontiersin.org 690
the clinical setting, which is below the acceptable limit for small
volumes of the irradiated rectum.

First, we tested the optimal conditions for tissue irradiation to
induce the inflammatory response in the shortest timeframe as
possible. The applicator used in our study considered the largest
diameter (3.1 mm) possible to prevent discomfort and suffering
to the animals even under anesthesia. Additionally, mechanical
injury associated with large applicators could be a confounding
factor during the analysis. Prescription of 3 x 9.5 Gy at the depth
specified in our study (3 mm from the applicator’s surface)
meant a dose of 3 x 21 Gy on the surface, which may explain the
high mortality observed after ten days in the irradiated group.
However, the same dose (3 x 9.5 Gy) prescribed at a depth close
to the applicator surface (0.5 mm, the smallest prescription depth
possible by our planning system) was ineffective in causing the
expected damage (data not shown). Then, we proceeded with the
3 x 9.5 Gy tissue irradiation applied 3.0 far from the applicator’s
surface. The manifestation of an insidious lesion in this model
markedly reproduced the acute and chronic clinical findings with
the presence of telangiectasia, vascular sclerosis, inflammation,
and tissue necrosis (3). The inflammatory response is a condition
commonly associated with pain and distress, which negatively
affects the animal’s well-being (17). As demonstrated in our
FIGURE 3 | Irradiation-related tissue damage detected by colonoscopy. The animals received three fractions of 9.5 Gy or sham applicator once a day for three
consecutive days. Tissue damage was assessed by colonoscopy on days 1, 2, 7, or 30. Standard tissue architecture is observed in the sham group (A–C), while
irradiated mice present with thickening of the mucosa (D), moderate hemorrhagic areas (E), and mucosal erosion (D–F). The panels are representative of
colonoscopy images obtained on experimental day seven.
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study, the high dose of brachytherapy-induced actinic proctitis
induces a high mortality rate ten days post-radiation exposure,
which is associated with an inflammatory lesion in the colon. The
animals’ survival study was essential to provide vital information
for designing the model. Subsequent experiments were
conducted by euthanizing the mice on the experimental day
seven since the inflammation was well-established in the colon,
as detected by colonoscopy and confirmed by histopathology and
expression of inflammatory markers. Notably, the intense
characteristics of the disease impaired longer animal follow-up.
The colonoscopy changes were then considered the primary
endpoint of this study since it macroscopically characterized
the lesion was established. Such a decision also considered the
preliminary experimental findings in the pilot study, in which we
assessed the time-course of IL-6 and KC production, presenting
statistically significant only at day seven.

The high turnover activity of the gastrointestinal tract
contributes to its radiosensitivity (18). Ionizing radiation
activates oxygen free radicals, injures the DNA, and disorganizes
cellular structures, compromising cell function (19). Interestingly,
the presence of mucosal ulceration and loss of glandular structures
seen at histopathology corroborate the direct mechanism of injury
caused by the radiation. As confirmed by colonoscopy, the altered
blood supply to the intestinal wall possibly leads to intestinal
ischemia following radiation, potentiating the damage (20). The
injured rectum architecture exposes the lamina propria to luminal
Frontiers in Oncology | www.frontiersin.org 791
bacteria activating an inflammatory response (21), involving
T-lymphocytes, macrophages, and neutrophils (20).

The activation of the inflammatory process in our model is
likely triggered by pathogen-associated molecular patterns from
lumen bacteria and damage-associated molecular patterns from
dying cells. Homeostasis breakdown activates an organized and
hierarchical production of mediators, mainly TNF-a and IL-1
family of cytokines followed by chemokines, COX-2, and lipid
mediators (22). These mediators orchestrate vascular changes and
immune cell influx into the injured tissue. Particularly, we found
increased levels of TNF-a, IL-6, KC, and COX-2 in tissue samples
of the irradiated group, indicating the involvement of these
mediators in the pathogenesis of actinic proctitis. These findings
are in line with another study in which the expression of toll-
like receptors, matrix metalloproteinases, chemokines, and
inflammatory enzymes augmented in the rectum of pigs
exposed to high radiation dose to induce actinic proctitis (14).
Identifying crucial inflammatory markers opens the perspective
on their target modulation in pathological conditions. For
instance, autologous bone marrow-derived mesenchymal stem
cells injection switches the microenvironment from pro-
inflammatory toward an anti-inflammatory response, preventing
tissue damage and fibrosis in a pig model of proctitis (14),
probably by inducing an immunosuppressive environment (23).
There are currently several drugs prescribed for inflammatory
conditions that could apply for actinic proctitis clinical
FIGURE 4 | Representative macroscopy of tissue injury. The typical unaltered intestinal architecture of the sham group (A). The intestinal sample obtained from
irradiated mice shows wall thickness, hyperemia, hemorrhage, and inflammation (B). The panels are representative of macroscopy images obtained on experimental
day seven. Red arrow denotes a necrotic, hemorrhagic area. Black arrow indicates an area of stenosis.
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management, including glucocorticoids, COX-2 inhibitors and
monoclonal antibodies, such as infliximab. The mediators
identified in this study are the first potential targets to be
explored. As mentioned above, the severity of this side-effect
Frontiers in Oncology | www.frontiersin.org 892
might involve pathogenic intestinal bacteria, whose modulation
could also be considered.

The development of animal models that mimic human
diseases requires some essential adaptations. The main one
FIGURE 5 | High-dose-rate brachytherapy induces histopathological alterations. C57BL/6 mice received three fractions of 9.5 Gy (n = 6) or sham applicator (n = 5)
once a day for three consecutive days. For histopathological analysis, distal intestinal samples were obtained on days 1, 2, 7, and 30. H&E staining (× 40-400
magnification). The intestinal mucosa of the sham group shows preserved crypts and standard glandular architecture (A, C, E, G). The mucosa of irradiated animals
presents crypt disarrangement, and edema in the intestinal wall (B), epithelial cell erosions (D, arrow), inflammatory infiltrate (D, F), asterisk), and epithelial atypia (H,
head of an arrow). The panels are representative of histopathology images obtained on experimental day seven.
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includes the need for about 100% of animals to express the
disease to evaluate potential pharmacological therapies. Such
requisite considers the reduced number of animals per
experimental group. On the other hand, variable disease
manifestation in which not all animals manifest the disease
implies much larger testing groups. That would closely
represent the clinical setting. However, the ethics committees
constantly demand researchers to refine the experimental
methods, reduce the number of animals per group, and
replace animals by computer models or invertebrates.
Therefore, animal models are commonly designed by
submitting them to more intense dose regimens to establish
the constellation of symptoms in the shortest term as possible
in all individuals exposed. Such aggressive disease-causing high
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animal mortality in the mid- and long-term could partially
explain the difficulty of translating basic research findings to
the bench. It is a potential limitation of this study.

In conclusion, we proposed a novel and feasible animal model
of actinic proctitis that in one week reproduces acute and chronic
findings commonly manifested in the rectum of patients treated
with HDR brachytherapy. The advantage of using mice in this
model involves their small size, ease of maintenance, and the
effective and efficient reproducibility of human diseases (24),
overcoming the housing limitations of larger animals used in
other studies. The inflammatory mediators identified in this study
might open the way to future clinical applications as
pharmacological targets. The inhibition of the acute
inflammatory response could reduce the emergence of limiting
A

B

FIGURE 6 | Colonic irradiation increases the tissue levels of inflammatory cytokines. The animals received a sham applicator into the rectum (n = 5) or were exposed
to a high-dose-rate radiation source consisting of fractions of 9.5 Gy once a day for three consecutive days (n = 6). Intestinal samples were harvested for IL-6 and
KC dosage by ELISA. Irradiated mice presented elevated levels of IL-6 (A) and KC (B) compared with the sham group. Data are expressed as the mean ± SEM and
were analyzed by the Student’s t-test.
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FIGURE 7 | High-dose-rate brachytherapy augments TNF-a expression in the intestinal tissue of mice. For the immunohistochemical assay, sham and irradiated
animals (n = 5–6 per group) were euthanized on day seven. Semi-quantitative analysis indicated increased TNF-a expression in the mucosa (A) and submucosa (B).
Panels (C–J) depicts the stained cells, which are more intense in the irradiated group. Data were analyzed by the Mann–Whitney’s test. P < 0.05 indicates the
statistical difference between the groups. (× 40-400 magnification).
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FIGURE 8 | High-dose-rate brachytherapy increases COX-2 expression in the intestinal tissue of mice. For the immunohistochemical assay, sham and irradiated
animals (n = 5–6 per group) were euthanized on day seven. Semi-quantitative analysis indicated increased COX-2 expression in the submucosa (B) but not in the
mucosa (A). Panels (C–J) depicts the stained cells, which are more intense in the irradiated group. Data were analyzed by the Mann–Whitney’s test. P < 0.05
indicates the statistical difference between the groups. (× 40-400 magnification). ns, denotes not significant.
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chronic symptoms that patients experience more than six months
post radiation exposure. Less aggressive dose regimens different
from the one chosen in this research are highly welcome as an
alternative to evaluate long-term effects of tissue irradiation,
provided an acceptable animal’s survival is observable.
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Combined Detection of RUNX3 and
EZH2 in Evaluating Efficacy of
Neoadjuvant Therapy and Prognostic
Value of Middle and Low Locally
Advanced Rectal Cancer
Likun Wang1†, Xueliang Wu2,3†, Wengui Xu1*, Lei Gao4, Ximo Wang2 and Tian Li5†

1 Department of Molecular Imaging and Nuclear Medicine, National Clinical Research Center for Cancer, Key Laboratory of
Cancer Prevention and Therapy, Tianjin, Tianjin’s Clinical Research Center for Cancer, Tianjin Medical University Cancer
Institute and Hospital, Tianjin, China, 2 Department of Gastrointestinal Surgery, Tianjin Medical University Nankai Hospital,
Tianjin, China, 3 Department of General Surgery, First Affiliated Hospital of Hebei North University, Zhangjiakou, China,
4 Department of Ultrasound,Tianjin Medical University Nankai Hospital, Tianjin, China, 5 School of Basic Medicine, Fourth
Military Medical University, Xi’an, China

Objective: This article investigated whether Runt-Related Transcription Factor 3 (RUNX3)
and enhancer of zeste homolog 2 (EZH2) can be used to evaluate the clinical efficacy of
neoadjuvant therapy and prognosis of locally advanced rectal cancer (LARC).

Methods: Eighty LARC patients admitted to the Tianjin Medical University Cancer
Institute/Hospital and First Affiliated Hospital of Hebei North University from Jan 2015 to
Jan 2016 were enrolled. The patients were followed up for 60 months through hospital
visits. All patients received neoadjuvant chemoradiotherapy (long range radiotherapy +
oral capecitabine) + total mesorecta excision (TME) surgery. The clinical efficacy of the
treatments was evaluated through endoscopic, radiography, and tumor regression grade
(TRG). In addition, expression level of RUNX3 and EZH2 was quantified via
immunohistochemistry. The association of RUNX3 and EZH2 with clinicopathological
characteristics of advanced tumors and efficacy of neoadjuvant therapy was explored.
Logistic regression analysis was performed to identify predictors of efficacy of
neoadjuvant chemoradiotherapy. Survival curve was used to evaluate the impact of
RUNX3 and EZH2 on the prognosis of LARC patients.

Results: A total of 80 patients diagnosed with LARC were enrolled in the study.
Expression of RUNX3 was elevated in 25 (31.25%) patients, whereas expression of
EZH2 was upregulated in 44 (55.00%) patients. Analysis of tumor regression identified 10
cases with TRG grade 0 (pathologic complete response, PCR), 24 cases with TRG grade
1, 35 cases with TRG grade 2, and 11 cases with TRG grade 3. Furthermore, 38 cases
had significant down-staging, and 42 cases showed no significant down-staging as
revealed by endoscopy and imaging. Patients with high expression of RUNX3 showed
better tumor regression response and down-staging compared with those with low
February 2022 | Volume 12 | Article 713335198
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expression of RUNX3 (P < 0.001, P < 0.001). Moreover, patients with low EZH2
expression achieved TRG grade 0 and 1 response and down-staging effect compared
with those with high expression of EZH2 (P < 0.001, P < 0.001). Logistic regression
analysis showed that high expression of RUNX3, low expression of EZH2, and clinical N
(cN) stage were good predictors of tumor regression response and down-staging. The 5-
year disease free survival (DFS) and overall survival (OS) were 48.75 (39/80) and 58.75%
(47/80), respectively. The 5-year DFS and OS of patients with high RUNX3 expression
were significantly higher than low RUNX3 expression, whereas the 5-year DFS and OS of
patients with high EZH2 expression were significantly lower than low EZH2 expression
(P < 0.001). Univariate survival analysis showed that RUNX3 expression, EZH2
expression, cN, clinical T (cT), pathological T (pT) and pathological N (pN) were
significantly correlated with the 5-year DFS and 5-year OS. Multivariate survival analysis
showed that EZH2 expression and PN were good predictors of 5-year DFS and 5-year
OS, whereas RUNX3 was a good predictor of 5-year DFS but not 5-year OS.

Conclusions: Expression level of RUNX3 and EZH2 accurately predicts clinical efficacy of
neoadjuvant chemoradiotherapy and the prognosis of LARC patients, suggesting that
RUNX3 and EZH2 can be used as pivotal clinical predictors for LARC.
Keywords: Runt-related transcription factor 3, histone-lysine N-methyltransferase EZH2, middle and low locally
advanced rectal cancer, neoadjuvant therapy, prognosis, retrospective study
1 INTRODUCTION

Neoplasms remain the main killer worldwide (1, 2). Currently, the
main diagnostic criteria of locally advanced rectal cancer (LARC)
are basedondistance to edge, transrectal intraperitoneal ultrasound
(TIUS), chest andabdomenpelvic computed tomography (CT).For
tumors of stage II/III, it is difficult to obtain enough circumferential
margins and lymph node dissection to achieve R0 resection when
performing direct surgery due to the anatomical location and
pathological characteristics of the tumors. This results in a high
postoperative local recurrence rate after surgery (3–6). Therefore, a
“sandwich” treatment, comprising preoperative synchronous
chemoradiotherapy (CRT) + total mesolectal resection (TME) +
postoperative adjuvant chemotherapy, is generally applied in
clinical practice to improve R0 resection rate and significantly
reduce local recurrence rate (7, 8).

Currently, the clinical efficacy of CRT is mainly evaluated using
endoscopic tools and imaging omics (rectal MRI + TIUS), which are
influenced by experience of the surgeon and outcomes are
scription Factor 3; EZH2, enhancer of
rectal cancer; TME, total mesorecta
FS, disease free survival; OS, overall
ltrasound; cN, clinical N; cT, clinical T;
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susceptible to personal subjectivity. These assessment methods
lack guidance from preoperative neoadjuvant therapy. Moreover,
results of endoscope and imagological examination are not
completely consistent with pathological regression of the tumor
(9). Therefore, the latest American Society of Clinical Oncology
(ASCO) guideline recommends that molecular biological indicators
can be used to evaluate efficacy and prognosis of LARC (10, 11).

Previous studies report that abnormal expression of human related
transcription factor-3 (RUNX3) and histone methyltransferase
enhancer 2 (EZH2) contribute to the progression of colorectal cancer
(12). EZH2has been shown to regulateRUNX3expression (13). Based
on results reported in our previous work (14–16), we aimed to
investigate whether RUNX3 and EZH2 can evaluate the clinical
efficacy of neoadjuvant therapy and prognosis of LARC.
2 METHODS

2.1 General Data
Clinical data of LARC patients admitted to Tianjin Medical
University Cancer Institute/Hospital and First Affiliated Hospital
of Hebei North University between January 1, 2015 and January 1,
2016 were retrospectively analyzed. All patients were diagnosed
with rectal adenocarcinoma through pathological examination
with a rectoscope. General information of the patients including
age, sex, degree of differentiation, distance from the mass to the
anal margin, clinical stage, surgical method, pathological type and
pathological stage were recorded. Prior to treatment, TNM staging
was determined through clinical examinations, including physical
examination, carcinoembryonic antigen (CEA), chest, abdomen
and pelvic enhanced CT, rectal magnetic resonance imaging
February 2022 | Volume 12 | Article 713335
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(MRI), and TIUS examinations. TNM staging was determined
following guidelines by the Staging Criteria of American Joint
Committee on Cancer (AJCC) Eighth Edition. Patients with T3 or
T4 or N+ and no distant metastasis (M0) were enrolled. This
clinical study was approved by Tianjin Medical University Cancer
Institute and Hospital and First Affiliated Hospital of Hebei North
University ethics committees.

2.2 Preoperative Concurrent
Chemoradiotherapy
Urine and feces were drained 1.5 hours before radiotherapy
positioning to carry out long-course radiotherapy. The patient
was requested to drink 500 mL water and 500 ml contrast
medium. Plain scanning and enhanced CT localization were
performed after thermoplastic film fixation under guidance of
PHILIPS Bigbore 16 row CT. The patient was placed in supine
position. Scanning range was from the lower edge of the liver to
the upper 1/3 of the femur, and the layer thickness was 5 cm. The
target area at Elekta Focal Station was outlined. Primary gross
tumor volume (GTVp) was the primary lesion, including positive
lymph nodes within the mesorectal and around the superior
rectal artery. Gross tumor volume lymph nodes (GTVnd) was
laterally metastatic lymph node, and CTV occurred on the
mesorectal region, internal iliac region, obturator foramen, and
presacral lymphatic drainage region. GTVp, GTVnd and clinical
target volume (CTV) were expanded by 5mm to form PGTVp,
PGTVnd, and PTV. Prescription dose was 95% PGTVp, 50.6Gy/
PTV, 41.8Gy/22f, 95%PGTVnd and 50-60Gy/22f. Radiotherapy
plan was performed using Elekta XIO planning system. Position
correction was adjusted based on the original position CT
machine. Intensity modulated radiotherapy was performed
using the Elekta Syngery radiotherapy machine, once a day, 5
times a week.

All patients received concurrent chemotherapy and oral
capecitabine (825 mg/m2, twice/d, 5 d/week, totally 5 week).
After 2 weeks of rest after chemoradiotherapy, capecitabine was
continued as a single drug for 2-3 cycles (1250 mg/m2, twice/d,
continued for 2 weeks, the treatment was stopped for 1 week, and
the second cycle was started).

2.3 Surgery
All patients were reassessed for down-staging status and
tolerance after neoadjuvant therapy and before operation.
Patients who met the criteria for surgery underwent radical
resection for rectal cancer, including Dixon, Miles, and
Hartmann. All surgeries were performed by the same surgical
team in accordance with the TME principle.

2.4 Endoscopy
Indeed, the definitions of RECIST rules are different in various
institutions, suggesting that RECIST rules cannot be used as an
absolute evaluation standard. In this article, we use endoscopic
method to visually evaluate the size of lesions after treatment.
However, this method cannot be used as a method of evaluation.
In this article, we use endoscopic method to visually evaluate the
size of lesions after treatment, though the method of which failed
to be used as a method of evaluation.
Frontiers in Oncology | www.frontiersin.org 3100
2.5 Imaging Omics Evaluation
The low rectal MRI staging criteria were used to evaluate the
efficacy and the down-staging status based on the changes of
tumor volume in MRI and transrectal intracavitary
ultrasonography/section after neoadjuvant therapy.

2.5.1 Imaging TNM Staging Diagnostic Criteria
In T1 stage, the tumor is limited to the mucosal layer or
submucosa, and there is no obvious abnormal signal in the
muscular layer. In T2 stage, the tumor invaded the muscle layer
with continuous low signal band, and there was cord-like signal
outside the wall, whereas the cord-like signal outside the wall
were not adjacent to the outer edge of the tumor, and the signal
was regular and natural. In T3 stage, the tumor broke through
the low signal loop of the muscle layer, which was characterized
by continuous interruption of the low signal band of the muscle
layer, nodular convex tumor, blurred peri-intestinal fat space,
and extramural burrs. In T4 stage, the tumor invaded the
peritoneum and adjacent organs, exhibiting unclear boundary
and adhesion with adjacent structures.

N stage: when the short diameter of lymph node is ≥ 1cm, it is
considered as metastatic lymph node; When the short diameter
of lymph node is 0.5 ~ 1cm, there are two situations: (1) when the
boundary of lymph node is clear, the shape is regular, the internal
signal is uniform or slightly uneven, the enhancement scan is
uniform or slightly uneven, and the obvious enhancement
belongs to benign lymph node; (2) malignant lymph nodes are
those with unclear boundary, irregular shape, mild or obvious
uneven internal signal, obvious uneven and mild to moderate
enhancement on enhanced scan, or circular enhancement. When
the short diameter of lymph node is ≤ 0.5cm, it is judged as
benign lymph node.

2.5.2 MRI Evaluation Method
Siemens 3.0 Tskyra MRI system and abdominal phased array coil
are used for MRI scanning. Rectal scanning sequence includes
sagittal T2WI fat suppression sequence, cross-sectional T2WI,
high-resolution T2WI, diffusion weighted imaging (DWI), and
enhancement sequence. The high-resolution T2WI is performed
for oblique cross-section. The scanning plane is perpendicular to
the long axis of the intestinal canal where the lesion is located.
The scanning parameters are TR 4000 ms, TE 108 ms, FOV
18 cm, matrix 320 x 320, layer thickness 3 mm, no-interval
scanning, 28 layers, reverse angle 150°, bandwidth 108 hz/pixel,
no fat suppression, generalized self-calibration parallel
acquisition mode, acceleration factor 3, acquisition time 250 s.

2.5.3 MRI Tumor Regression Grade (mrTRG)
According to the Mandard pathology standard, mrTRG is
divided into grade 1-5 according to the proportion of residual
tumor tissue and fibrous tissue in the lesion after neoadjuvant
chemoradiotherapy (NCRT). Grade 1: the tumor is completely
relieved and there is no tumor residue on MRI image; Grade 2:
severe treatment response, obvious low signal fibrous tissue in
the diseased region, and the residual tumor tissue is not obvious;
Grade 3: moderate treatment response, low signal fiber/mucus
tissue and residual medium signal tumor tissue accounted for
February 2022 | Volume 12 | Article 713335
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50% of all image signals, respectively; Grade 4: mild treatment
response, most of the diseased region are occupied by moderate
tumor signals, and only a small amount of low signal fiber/mucus
signals; Grade 5: there was no obvious therapeutic response, and
the diseased region was still occupied by moderate tumor signals.
mrTRG Grade 1-3 was defined as the group with good curative
effects, and mrTRG grade 4-5 was defined as the group with poor
curative effects.

2.5.4 Ultrasonic Evaluation
Patients underwent endorectal ultrasonography (ERUS)
examination before neoadjuvant therapy (ERUS1) and after
NCRT therapy (ERUS2), using ultrasound equipment (BK
Profocus 2202, Denmark), equipped with transrectal biplane
probe 8848 and transrectal 360° circular scanning three-
dimensional probe 8838/2052 (4-16 mHz); or ultrasound
equipment (Yum mylab60) is equipped with transrectal biplane
probe TRT 33 (4-13 mHz). The patient chosen the left lying
position, bends his knees, was injected 50 mL coupling agent
through the anus to fill the rectum, using the probe cover to protect
the probe, and then inserts it through the anus from shallow to
deep until the probe exceeds the upper edge of the tumor. The
probe rotates clockwise for 360° circular scanning to determine the
size, location, and best cross-sectional image of the diseased region.
When using biplane probe 8848/TRT33, firstly, using linear array
mode longitudinal scanning to collect the longitudinal section
image of the longest diameter of the tumor. After careful
observation, converting convex array mode transverse scanning
to collect the transverse section image of the thickest diameter of
the tumor. Using the three-dimensional imaging probe 8838/2502,
after two-dimensional full observation, starting the three-
dimensional volume automatic imaging, collect and store the
image, and then intercepting the longitudinal section of the
longest diameter and the cross section of the thickest diameter
on the three-dimensional image. The longest diameter
(longitudinal section measurement) and the thickest diameter
(cross section measurement) of ERUS1 and ERUS 2 are
measured by a non-examining doctor on the examination
equipment respectively, and the average value is taken after three
measurements. The length and thickness reduction rate are
calculated. The calculation formula of the reduction rate is
DERUSNCRT = (ERUS1-ERUS2)/ERUS1 x 100%”.

2.6 Pathological Assessment
Pathological examination was performed by two pathologists
who were blinded to the patients’ clinical data. Postoperative
TNM staging and down-staging status of tumors were evaluated
based on the pathological results of the surgically resected
specimen. Tumor response was determined using the tumor
regression grade (TRG) system. TRG system is applied as
follows: Grade 0; Complete tumor regression, a pathological
complete response was achieved when only fibrous tissue or
calcium salt deposits were seen, Grade 1; Moderate tumor
regression, significant fibrosis accompanied by a small number
of visible tumor cells or cell masses, Grade 2; Slight tumor
regression, presence of a remnant tumor and a large amount of
fibrotic interstitial filling, Grade 3; No tumor regression,
Frontiers in Oncology | www.frontiersin.org 4101
extensive residual tumor, no or only a small amount of tumor
cell necrosis. Patients were graded based on the TRG of surgical
specimens. The response was defined as a good response (TRG 0-
1) or a bad response (TRG2-3) (17).

2.7 Immunohistochemistry
Antibodies used to quantify RUNX3 expression (ab224641) and
EZH2 expression (ab191080) were purchased from Abcam
(Cambridge, UK). The expression of these proteins was
determined using immunohistochemistry. Specimens obtained
from preoperative biopsy tissue were cut into 5 mm sections. The
sections were examined under a microscope. Five fields were
evaluated, and the proportion of positive cells was counted,
regardless of staining intensity. RUNX3 and EZH2 expression
were divided into two groups: high expression group and low
expression group. In the high expression group, at least 50% of
the nuclei were positive whereas in the low expression group, the
nucleus was less than 50% positive.

2.8 Follow up
Patients were closely followed up every 3 months for 2 years after
treatment, and every 6 months thereafter. During follow up the
patients underwent physical examination, serum carcinoma
embryonic antigen (CEA), peripheral blood cell analysis,
biochemistry tests, liver and kidney function tests, enhanced
abdominal, and pelvic CT or MRI every 6 months. Electronic
colonoscopy was performed 1 year later and then every 2 to 3
years. The median follow-up time was 60 months and the last
follow-up time was December 31, 2020.

2.9 Statistical Analysis
All statistical analyses were carried out using SPSS 17.0 software.
Chi-square test was used to analyze the association of RUNX3
and EZH2 expression with the clinical characteristics and
treatment response of patients. Logistic regression analysis was
performed to identify the predictors of sensitivity to preoperative
chemoradiotherapy in patients with rectal cancer. Overall
survival (OS) was defined as the duration from diagnosis to
occurrence of death or withdrawal from follow-up. DFS was
defined as the time from diagnosis to occurrence of recurrence or
distant metastasis. Kaplan-Meier method was used to carry out
univariate survival analysis. Cox proportional risk model was
employed to perform multivariate survival analysis. P < 0.05 was
considered as statistically significant.
3 RESULT

3.1 Association of RUNX3 and EZH2
Expression With Clinicopathological
Characteristics of LARC
A total of 80 LARC patients were enrolled in this study. Among
them, 31 had clinical stage T3, 49 had T4, 38 had clinical stage
N0, and 42 had clinical stage N+. In advanced CRC, RUNX3 was
overexpressed in 31.25% (25/80) of patients and EZH2 was
overexpressed in 55.00% (44/80) of patients. Expression levels
February 2022 | Volume 12 | Article 713335

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. RUNX3/EZH2 in Rectal Cancer
of RUNX3 and EZH2 were correlated with CEA level, clinical T
stage, and N stage, moreover, expression levels of RUNX3 were
correlated with Ki-67 expression status. (Table 1 and Figure 1).

3.2 Assessment of LARC Treatment
Eighty patients successfully underwent examinations after
treatment. Analysis of tumor regression showed 10 cases with
TRG grade 0 (PCR) (12.50%), 24 cases with TRG grade 1
(30.00%), 35 cases with TRG grade 2 (43.75%), and 11 cases
with TRG grade 3 (13.75%). Endoscopic evaluation showed that
41 cases (51.25%) were effective, 38 cases (47.50%) had
significant down-staging, and 42 cases (52.50%) had no
significant down-staging (Figures 2–5).

3.3 Relationship Between Expression of
RUNX3 and EZH2 and Other Clinical
Factors and Response to Neoadjuvant
Chemoradiotherapy
Patients with high expression of RUNX3 were more sensitive to
neoadjuvant chemoradiotherapy compared with those with low
expression of RUNX3. On the contrary, patients with low
expression of EZH2 were more sensitive to neoadjuvant
chemoradiotherapy compared with those with high expression
of EZH2. 22 out of the 25 patients with high expression of
RUNX3 achieved TRG grade 0/1, whereas only 12 of the 55
patients with low expression of RUNX3 achieved good tumor
regression after treatment (P < 0.001). 29out of the 36 patients
with low expression of EZH2 achieved good tumor regression,
whereas only 5 of the 44 patients with high expression of EZH2
achieved good tumor regression (P < 0.001). Analysis showed
that 23 out of the 25 patients with high expression of RUNX3
Frontiers in Oncology | www.frontiersin.org 5102
presented with tumor decline, whereas only 15 of the 55 patients
with low expression of RUNX3 presented with tumor decline
(P < 0.001). Out of the 36 patients with low expression of EZH2,
30 presented with tumor decline, whereas 8 of the 44 patients
with high expression of EZH2 presented with tumor decline (P <
0.001). CEA < 5 ng/ml and CN0 were associated with good
tumor regression and down-staging (P = 0.001 P = 0.014; P <
0.001, P < 0.001). Patients with cT3 were more likely to achieve
the desired tumor regression response compared with patients
with cT4 (Table 2).

3.4 Predictors of the Efficacy of
Neoadjuvant Chemoradiotherapy in
Patients With LARC
Multiple logistic regression analysis showed that high expression of
RUNX3 and low expression of EZH2 were significantly associated
with good tumor regression (TRG grade 0/1) (P = 0.021, P = 0.016)
and tumordown-staging (P=0.014,P=0.043). In addition,CNwas
found tobeapredictor of tumor regression response (P=0.010) and
tumor decline stage (P = 0.008, Table 3).

3.5 Survival Follow-up
Complete follow-up data were obtained for all 80 patients, with a
median follow-up time of 60 months. Analysis showed that the 5-
year DFS was 48.75% (39/80) and 5-year OS was 58.75% (47/80).
The 5-year DFS and 5-year OS of patients with high expression of
RUNX3were 96.00%(24/25) and100.00%(25/25), respectively.On
the other hand, the 5-year DFS and 5-year OS of patients with low
expression of RUNX3 were 27.30% (15/55) and 40.00% (22/55),
respectively (P < 0.001). The 5-year DFS and 5-year OS of patients
withhigh expressionofEZH2were 22.70% (10/44) and35.30%(12/
TABLE 1 | Expression of RUNX3 and EZH2 in LARC tissues and their relationship with clinicopathological factors.

Pathological Parameters n RUNX3 c2 P EZH2 c2 P

High Expression Low Expression High Expression Low Expression

Tumor Size 1.190 0.275 0.131 0.718
≥ 5 cm 36 9 (25.0%) 27 (75.0%) 19 (52.8%) 17 (47.2%)
< 5 cm 44 16 (36.4%) 28 (63.6%) 25 (56.8%) 19 (43.2%)

Differentiation Degree 4.762 0.092 0.204 0.903
High 21 10 (47.6%) 11 (52.4%) 12 (57.1%) 9 (42.9%)
Medium 40 12 (30.0%) 28 (70.0%) 21 (52.5%) 19 (47.5%)
Low 19 3 (15.8%) 16 (84.2%) 11 (57.9%) 8 (42.1%)

Distance to the anal margin 0.093 0.760 0.349 0.555
≤ 5 cm 34 10 (29.4%) 24 (70.6%) 20 (55.00%) 14 (45.00%)
> 5 cm 46 15 (32.6%) 31 (67.4%) 24 (52.00%) 22 (48.00%)

Clinical T staging
cT3 31 21 (67.7%) 10 (32.3%) 31.371 <0.001 6 (19.4%) 25 (80.6%) 25.983 <0.001
cT4 49 4 (8.2%) 45 (91.8%) 38 (77.6%) 11 (22.4%)

Clinical N staging
cN0 38 23 (60.5%) 15 (39.5%) 28.876 <0.001 7 (18.4%) 31 (81.6%) 39.130 <0.001
cN+ 42 2 (4.8%) 40 (95.2%) 37 (88.1%) 5 (11.9%)

CEA (ng/ml) 7.868 0.005 8.410 0.004
< 5 39 18 (46.2%) 21 (53.8%) 15 (38.5%) 24 (61.5%)
≥ 5 41 7 (17.1%) 34 (82.92%) 29 (70.7%) 12 (29.3%)
ki-67 3.902 0.048 0.115 0.734

Low expression 35 15 (42.9%) 20 (57.1%) 20 (57.1%) 15 (42.9%)
High expression 45 10 (22.2%) 35 (77.8%) 24 (53.3%) 21 (46.7%)
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44), respectively. The 5-yearDFS and5-yearOSofpatientswith low
expression of EZH2 were 80.60% (29/36) and 97.20% (35/36),
respectively (P < 0.001, Figure 6).

3.6 Risk Factor Survival Analysis
Univariate survival analysis showed that expression of RUNX3
and EZH2, cN, cT, pT, and pN were significantly correlated with
5-year DFS and 5-year OS. In addition, results of multivariate
analysis demonstrated that EZH2 expression and pN were
predictors of 5-year DFS and 5-year OS, whereas RUNX3 was
Frontiers in Oncology | www.frontiersin.org 6103
a predictor of 5-year DFS, but not a predictor of the 5-year OS
(Tables 4, 5).
4 DISCUSSION

4.1 Main Finding
In this study, 80 LARC patients were enrolled and accompanied
by a median 60-months follow-up. Expression of RUNX3 and
EZH2 can accurately evaluate treatment efficacy of neoadjuvant
A

B D

EC

FIGURE 2 | Surgical figures of PCR/TRG stage 0. (C) Transreetal ultrasound (Left graph: prior treatment; Right graph: Post treatment); (B) Rectal cancer MRI (Left
graph: prior treatment; Right graph: Post treatment); (A) Endoscope (Left graph: prior treatment; Right graph: Post treatment); (D) HE staining (Left graph: prior
treatment; Right graph: Post treatment), Scar bar = 50 mm; (E) Postoperative specimens, Scar bar = 1 cm.
A B

DC

FIGURE 1 | Expression of RUNX3 and EZH2 in LARC tissues. (A) Low RUNX3 expression; (B) high RUNX3 expression; (C) High EZH2 expression; (D) Low EZH2
expression. Scar bar = 25 mm.
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chemoradiotherapy and effective predictors of the prognosis of
LARC patients. Therefore, RUNX3 and EZH2 have significant
clinical implications.

4.2 Interpretation
The spread of tumors through intestinal wall and extraserosal as
well as mesangial lymph nodes metastasis are important
clinicopathological indicators of the prognosis of LARC patients.
The sandwich treatment mode can decrease local recurrence rate
and increase survival rate of LARC patients more effectively than
simple operation and postoperative adjuvant chemotherapy.
Preoperative neoadjuvant therapy is superior to traditional
postoperative radiotherapy and chemotherapy in terms of local
control rate and reducing toxic reactions (18). Preoperative
chemoradiotherapy reduces the depth of tumor invasion in the
intestinal wall by killing tumor cells, and completely clears tumor
cells to achieve pathological PCR. Previous studies have shown
that approximately 15%-40% of LARC patients achieve PCR after
neoadjuvant therapy (19). In China, several research centers have
shown that the PCR rate of LARC patients receiving neoadjuvant
therapy before surgery is approximately 20%. In addition, 20% to
Frontiers in Oncology | www.frontiersin.org 7104
30% of these patients achieve significant or moderate regression.
Although neoadjuvant therapy has a high overall effective rate,
some patients show non-regression or tumor progression after
treatment (implying that the tumor is not sensitive to radiotherapy
or chemotherapy) (20). Therefore, a comprehensive and accurate
evaluation system should be developed for accurate evaluation of
efficacy of neoadjuvant therapy.

Traditional endoscope only reveals the size of tumor and
proportion of the annulus lumen. It also analyzes tumor
shrinkage by comparing with pre-treatment images, which
allows evaluation of the effect of neoadjuvant therapy. TIUS
has been used to explore the efficacy of neoadjuvant therapy in
LARC patients in recent years. Multimodal ultrasonomics, such
as conventional transrectal ultrasound, elastography, shear wave,
contrast-enhanced ultrasound, and other modes, can be used to
measure tumor length, thickness reduction rate, and blood flow
before and after treatment. Thus, they can be employed to assess
clinical efficacy of treatments. However, these methods are
limited by the shape and location of rectal tumors. Therefore,
better evaluation methods are needed. Before TIUS, rectal MRI
was used to evaluate the efficacy of neoadjuvant therapy in LARC
A

B D

EC

FIGURE 3 | Surgical figures of TRG Grade 1. (C) Transreetal ultrasound (Left graph: prior treatment; Right graph: post treatment); (B) Rectal cancer MRI (Left
graph: before treatment; Right graph: post treatment); (A) Endoscopy (Left graph: before treatment; Right graph: post treatment); (D) He staining (Left graph: before
treatment; Right graph: post treatment), Scar bar = 50 mm; (E) Postoperative specimens, Scar bar = 1 cm.
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FIGURE 4 | Surgical figures of TRG Grade 2. (C) Transreetal ultrasound (Left graph: before treatment; Right graph: post treatment); (B) Rectal cancer MRI (Left
graph: before treatment; Right graph: post treatment); (A) Endoscopy (Left graph: before treatment; Right graph: post treatment); (D) He staining (Left graph: before
treatment; Right graph: post treatment), Scar bar = 50 mm; (E) Postoperative specimens, Scar bar = 1 cm.
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patients. MRI tumor regression grade (mrTRG) is a valuable
imaging indicator that reflect the effectiveness and ineffectiveness
of rectal cancer treatments (21). In recent years, FDF-PET, DWI,
and DCE-MRI have been used to complement anatomy-based
high-resolution MRI efficacy evaluation methods by providing
information on tumor cell metabolism, cell density, and blood
perfusion. However, rectal MRI is not sufficiently accurate, as it
is affected by objective factors such as tumor location and
subjective factors of the viewer.

RUNX3 is a tumor suppressor gene that is located on human
chromosome 1p36 and has a size of 67kb. RUNX3 protein is a
heterodimer containing 415 amino acid residues. Silencing and
Frontiers in Oncology | www.frontiersin.org 8105
inactivation of this gene promotes occurrence of cancer. RUNX3
inhibits growth of tumor cells by regulating the transcriptional
growth factor b (TGF-b) and Wnt signaling pathways (13).
EZH2 is a member of the newly discovered PcG gene family.
EZH2 is involved in the regulation of cell cycle, and its high
expression can accelerate entry of cells into the S phase, and
promote cell proliferation (22–24). Lian et al. reported that
EZH2 may regulate proliferation and apoptosis of laryngeal
cancer cells by targeting expression of RUNX3 through Wnt/b-
catenin signaling pathway (25).

In this study, we explored, for the first time, expression of
RUNX3 and EZH2 proteins in LARC tissues. We found that
A
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FIGURE 5 | Surgical figures of TRG Grade 3. (C) Transreetal ultrasound (Left graph: before treatment; Right graph: post treatment); (B) Rectal cancer MRI (Left
graph: before treatment; Right graph: post treatment); (A) Endoscopy (Left graph: before treatment; Right graph: post treatment); (D) He staining (Left graph: before
treatment; Right graph: post treatment), Scar bar = 50 mm. (E) Postoperative specimens, Scar bar = 1 cm.
TABLE 2 | Relationship between clinicopathological characters and neoadjuvant therapy efficacy for LARC.

Pathological Parameters n Tumor Regression c2 P Down-Staging c2 P

TRG 0/1 TRG 2-3 Yes No

Tumor Size 0.349 0.555 0.245 0.621
≥ 5 cm 36 14 (38.9%) 22 (61.1%) 16 (44.4%) 20 (55.6%)
< 5 cm 44 20 (45.5%) 24 (54.5%) 22 (50.0%) 22 (50.0%)

Differentiation Degree 1.766 0.413 1.184 0.553
High 21 11 (52.4%) 10 (47.6%) 12 (57.1%) 9 (42.9%)
Medium 40 17 (42.5%) 23 (57.5%) 17 (42.5%) 23 (57.5%)
Low 19 6 (31.6%) 13 (68.4%) 9 (47.4%) 10 (52.6%)

Distance to the anal margin 0.042 0.837 0.948 0.330
≤ 5 cm 34 14 (41.2%) 20 (58.8%) 14 (41.2%) 20 (58.8%)
> 5 cm 46 20 (43.5%) 26 (56.5%) 24 (52.2%) 22 (47.8%)

Clinical T staging 16.784 <0.001 14.462 <0.001
cT3 31 22 (71.0%) 9 (29.0%) 23 (74.2%) 8 (25.8%)
cT4 49 12 (24.5%) 37 (75.5%) 15 (30.6%) 34 (69.4%)

Clinical N staging 33.869 <0.001 33.709 <0.001
cN0 38 29 (76.3%) 9 (23.7%) 31 (81.6%) 7 (18.4%)
cN+ 42 5 (11.9%) 37 (88.1%) 7 (16.7%) 35 (83.3%)

CEA (ng/ml) 11.287 0.001 6.014 0.014
< 5 39 24 (61.5%) 15 (38.5%) 24 (61.5%) 15 (38.5%)
≥ 5 41 10 (24.4%) 31 (75.6%) 14 (34.1%) 27 (65.9%)
RUNX3 30.806 <0.001 28.876 <0.001

High expression 25 22 (88.0%) 3 (12.0%) 23 (92.0%) 2 (8.0%)
Low expression 55 12 (21.8%) 43 (78.2%) 15 (27.3%) 40 (72.7%)
EZH2 38.790 <0.001 33.702 <0.001
High expression 44 5 (11.4%) 39 (88.6%) 8 (18.2%) 36 (81.8%)
Low expression 36 29 (80.6%) 7 (19.4%) 30 (83.3%) 6 (16.7%)
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RUNX3 was highly expressed in 31.25% of LARC patients
whereas EZH2 was highly expressed in 55.00% of the patients.
Expression status of RUNX3 and EZH2 was correlated with CEA
level, clinical T stage, and N stage, whereas expression status of
RUNX3 was correlated with Ki-67 expression status. Further
analysis revealed that patients with high expression level of
RUNX3 responded well to chemoradiotherapy compared with
those with low expression of RUNX3, hence showed significant
regression and down-staging. On the contrary, low expression of
EZH2 was correlated with better response to chemoradiotherapy.
This implies that the expression status of the two genes, and CN
staging, can be used as independent indicators of efficacy of
neoadjuvant therapy in LARC patients. Sensitivity of the body to
chemoradiotherapy can be affected by a number of factors,
including cell cycle arrest, DNA damage repair, and apoptosis.
Frontiers in Oncology | www.frontiersin.org 9106
Cells at different stages of cell cycle have different sensitivities to
radiation and drugs. For instance, G2/M phase is highly sensitive
to therapy, whereas S phase has low sensitivity to therapy. In the
classical RUNX3/TGF-b pathway, RUNX3 binds specifically to
Smad and activates P21 promoter. P21 promoter enhances
transcription of pro-apoptotic gene BIML and expression of
cyclo-dependent kinase inhibitor p21WAFI in tumor cells,
causing cell arrest at the G1 phase and inhibition of cell
proliferation (26). EZH2 is a cell cycle regulator, and its
overexpression shortens the G1 phase and causes accumulation
of cells in the S phase, resulting in a significant increase in the
number of cells in the G2/M phase.

In addition, the findings of this study show that RUNX3 and
EZH2 are molecular biological indicators of poor prognosis in
LARC. Furthermore, univariate, and multivariate analyses
TABLE 3 | Multiple logistic regression analysis of the predictors of efficacy of neoadjuvant therapy for LARC.

Factors OR 95%CI P

TRG 0/1
CEA 4.841 0.945-24.787 0.058
cT 0.053 0.003-1.100 0.058
cN 25.003 2.170-288.138 0.010
RUNX3 expression 0.105 0.015-0.716 0.021
EZH2 expression 9.559 1.535-59.521 0.016
Tumor Down-staging
CEA 1.613 0.377-6.897 0.519
cT 0.061 0.004-1.077 0.056
cN 26.906 2.363-306.333 0.008
RUNX3 expression 0.090 0.013-0.613 0.014
EZH2 expression 5.476 1.059-28.324 0.043
February 2022 | Volume 12 | Article 7
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FIGURE 6 | Kaplan-Meier analysis of the relationship between expression of RUNX3 and EZH2 and 5-year disease-free survival and overall survival in LARC patients.
(A) 5-year disease-free survival of patients with high expression of RUNX3 was significantly higher compared with that of patients with low expression of RUNX3 (P <
0.05); (B) Overall survival of patients with high expression of RUNX3 was significantly higher compared with that of patients with low expression (P < 0.05). (C) 5-year
disease-free survival of patients with high expression of EZH2 was significantly lower compared with that of patients with low expression of EZH2 (P < 0.05). (D) Overall
survival time of patients with high expression of EZH2 was significantly lower compared with that of patients with low expression of EZH2 (P < 0.05).
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showed that RUNX3 and EZH2 expression levels are effective
predictors of the survival.
4.3 Limitations
This study has some limitations. Firstly, the number of patients
with LARC included in the study were relatively small.
Therefore, further multi-center clinical case studies are needed
to validate the findings of this study. Secondly, this article is a
retrospective study and further prospective studies are expected.
Thirdly, with the development of artificial intelligence
technology, artificial intelligence technology can be introduced
into evaluation of neoadjuvant therapy for LARC patients in the
Frontiers in Oncology | www.frontiersin.org 10107
future, to evaluate the curative effect more accurately and
improve quality of life of patients.
4.4 Conclusion
The molecular biological indicators of efficacy of neoadjuvant
therapy in patients with LARC were explored using various
methods including endoscopy, imageology (transrectal
ultrasound, rectal MRI), and pathology.

In summary, the efficacy and prognostic value of RUNX3 and
EZH2 in LARC patients receiving neoadjuvant concurrent
chemoradiotherapy was investigated in this study. The results
of this study have significant clinical implications. However, this
TABLE 4 | Univariate survival analysis of LARC.

Factors n 5-year DFS x2 P 5-yesar OS x2 P

Tumor Size 1.213 0.271 1.693 0.193
≥ 5 cm 36 20 (55.6%) 24 (66.7%)
< 5 cm 44 19 (43.2%) 23 (52.3%)

Differentiation Degree 0.572 0.751 1.111 0.574
High 21 10 (47.6%) 11 (52.4%)
Medium 40 21 (52.5%) 23 (57.5%)
Low 19 8 (42.1%) 13 (68.4%)

Distance to the anal margin 1.357 0.244 0.823 0.364
≤ 5 cm 34 14 (41.2%) 18 (52.9%)
> 5 cm 46 25 (54.3%) 29 (63.0%)

Clinical T staging 20.608 <0.001 13.179 <0.001
cT3 31 25 (80.6%) 26 (83.9%)
cT4 49 14 (28.6%) 21 (42.9%)

Pathological T staging 16.540 <0.001 13.316 <0.001
pT0~2 19 17 (89.5%) 18 (94.7%)
pT3~4 61 22 (36.1%) 29 (47.5%)

Clinical N staging 31.223 <0.001 28.193 <0.001
cN0 38 31 (81.6%) 34 (89.5%)
cN+ 42 8 (19%) 13 (31.0%)

Pathological N staging 25.379 <0.001 27.600 <0.001
pN0 47 34 (72.3%) 39 (83.0%)
pN+ 33 5 (15.2%) 8 (24.2%)

CEA (ng/ml) 1.787 0.181 3.449 0.063
< 5 39 22 (56.4%) 27 (69.2%)
≥ 5 41 17 (41.5%) 20 (48.8%)
RUNX3 32.494 <0.001 25.532 <0.001

High expression 25 24 (96.0%) 25 (100.0%)
Low expression 55 15 (27.30%) 22 (40.00%)
EZH2 26.502 <0.001 30.397 <0.001

High expression 44 10 (22.70%) 12 (35.30%)
Low expression 36 29 (80.60%) 35 (97.20%)
February 2022 | V
olume 12 | Article
TABLE 5 | Multivariate survival analysis of LARC.

Factors Regression Coefficient Standard Error Statistic P Risk Ratio 95% CI

5-year DFS
RUNX3 -2.571 1.146 5.036 0.025 0.076 0.008-0.722
EZH2 0.945 0.456 4.290 0.038 2.573 1.052-6.291
pT -0.011 0.800 0.000 0.989 0.989 0.206-4.747
pN 0.986 0.364 7.318 0.007 2.680 1.312-5.474

5-year OS
RUNX3 -11.091 144.245 0.006 0.939 0.000 –

EZH2 2.632 1.029 6.550 0.010 13.906 1.852-104.398
pT 0.013 1.025 0.000 0.990 1.013 0.136-7.558
pN 0.902 0.421 4.598 0.032 0.465 1.081-5.621
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study also had some shortcomings, such as enrolment of
relatively few patients with LARC and high tumor
heterogeneity among the enrolled patients. Therefore, further
clinical studies should be performed to validate the
present findings.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Tianjin Medical University Nankai Hospital and
Hebei North University. The patients/participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.
Frontiers in Oncology | www.frontiersin.org 11108
AUTHOR CONTRIBUTIONS

LW participated in Data Visualization, Conceptualization, Writing -
Original Draft, and Formal analysis. XW participated in Formal
analysis and Data Curation. WX participated in Conceptualization,
Resources, Review&Editing, Supervision, Project administration, and
Funding acquisition. LG participated in Methodology and Software.
XMW participated in Conceptualization, Investigation, Review &
Editing. T L participated in Writing, Review & Editing. All authors
contributed to the article and approved the submitted version.
FUNDING

This study was funded by Project of The National Cancer Center
Cancer Research (NCC2017A19) and Project for High-level
Talents of Hebei Province (No.A202101062).
ACKNOWLEDGMENTS

We thank the Home for Researchers editorial team (www.home-
for-researchers.com) for language editing service.
REFERENCES
1. Sun M, Liu X, Xia L, Chen Y, Kuang L, Gu X, et al. A nine-lncRNA Signature

Predicts Distant Relapse-Free Survival of HER2-Negative Breast Cancer Patients
Receiving Taxane and Anthracycline-Based Neoadjuvant Chemotherapy.
Biochem Pharmacol (2021) 189:114285. doi: 10.1016/j.bcp.2020.114285

2. Zhang F, Wang K, Du P, Yang W, He Y, Li T, et al. Risk of Stroke in Cancer
Survivors: A Meta-Analysis of Population-Based Cohort Studies. Neurology
(2021) 96(4):e513–26. doi: 10.1212/WNL.0000000000011264

3. Hu KY, SimpsonMT, Blank JJ, Szabo A, Eastwood D, Ludwig KA, et al. Use of
Neoadjuvant Chemotherapy in the Treatment of Locally Advanced Rectal
Cancer. J Surg Res (2019) 243:447–52. doi: 10.1016/j.jss.2019.06.089

4. Oronsky B, Reid T, Larson C, Knox SJ. Locally Advanced Rectal Cancer: The
Past, Present, and Future. Semin Oncol (2020) 47(1):85–92. doi: 10.1053/
j.seminoncol.2020.02.001

5. Pavitra E, Dariya B, Srivani G, Kang SM, Alam A, Sudhir PR, et al. Engineered
Nanoparticles for Imaging and Drug Delivery in Colorectal Cancer. Semin
Cancer Biol (2021) 69:293–306. doi: 10.1016/j.semcancer.2019.06.017

6. Si H, Yang Q, Hu H, Ding C, Wang H, Lin X. Colorectal Cancer Occurrence
and Treatment Based on Changes in Intestinal Flora. Semin Cancer Biol
(2021) 70:3–10. doi: 10.1016/j.semcancer.2020.05.004

7. Hu YH, Wei JW, Chang H, Xiao WW, Lin JZ, Cai MY, et al. The High pCR
Rate of Sandwich Neoadjuvant Treatment in Locally Advanced Rectal Cancer
may Translate Into a Better Long-Term Survival Benefit: 5-Year Outcome of a
Phase II Clinical Trial. Cancer Manag Res (2018) 10:4363–9. doi: 10.2147/
CMAR.S168573

8. Wang H, Li X, Peng R, Wang Y, Wang J. Stereotactic Ablative Radiotherapy
for Colorectal Cancer Liver Metastasis. Semin Cancer Biol (2021) 71:21–32.
doi: 10.1016/j.semcancer.2020.06.018

9. Shiraishi T, Sasaki T, Ikeda K, Tsukada Y, Nishizawa Y, Ito M. Predicting
Prognosis According to Preoperative Chemotherapy Response in Patients
With Locally Advanced Lower Rectal Cancer. BMC Cancer (2019) 19(1):1222.
doi: 10.1186/s12885-019-6424-4

10. Alawawdeh A, Krishnan T, Roy A, Karapetis C, Joshi R, Singhal N, et al.
Curative Therapy for Rectal Cancer. Expert Rev Anticancer Ther (2021) 21
(2):193–203. doi: 10.1080/14737140.2021.1845145
11. Shi F, Li T, Liu Z, Qu K, Shi C, Li Y, et al. FOXO1: Another Avenue for
Treating Digestive Malignancy? Semin Cancer Biol (2018) 50:124–31.
doi: 10.1016/j.semcancer.2017.09.009

12. Bremer SCB, Conradi LC, Mechie NC, Amanzada A, Mavropoulou E, Kitz J,
et al. Enhancer of Zeste Homolog 2 in Colorectal Cancer Development and
Progression. Digestion (2021) 102(2):227–35. doi: 10.1159/000504093

13. Rehman AU, Iqbal MA, Sattar RSA, Saikia S, Kashif M, Ali WM, et al.
Elevated Expression of RUNX3 Co-Expressing With EZH2 in Esophageal
Cancer Patients From India. Cancer Cell Int (2020) 20:445. doi: 10.1186/
s12935-020-01534-y

14. Wu Y, Xue J, Li Y, Wu X, Qu M, Xu D, et al. Expression, Clinical Significance
and Correlation of RUNX3 and HER2 in Colorectal Cancer. J Gastrointest
Oncol (2021) 12(4):1577–89. doi: 10.21037/jgo-21-403

15. Xue J, Wu XL, Huang XT, Qu M, Guo F, Sun GY, et al. Correlation of RUNX3
Expression With Microvessel Density in Colorectal Adenocarcinoma Tissues
and Clinical Significance. Asian Pac J Trop Med (2017) 10(1):98–101.
doi: 10.1016/j.apjtm.2016.11.010

16. Zhou W, Wang J, Man WY, Zhang QW, Xu WG. siRNA Silencing EZH2
Reverses Cisplatin-Resistance of Human non-Small Cell Lung and Gastric
Cancer Cells. Asian Pac J Cancer Prev (2015) 16(6):2425–30. doi: 10.7314/
apjcp.2015.16.6.2425

17. Omejc M, Potisek M. Prognostic Significance of Tumor Regression in Locally
Advanced Rectal Cancer After Preoperative Radiochemotherapy. Radiol
Oncol (2018) 52(1):30–5. doi: 10.1515/raon-2017-0059

18. Sole S, Baeza R, Gabler C, Counago F. New Standard in Locally Advanced Rectal
Cancer.World J Clin Oncol (2020) 11(12):990–5. doi: 10.5306/wjco.v11.i12.990

19. Maas M, Nelemans PJ, Valentini V, Das P, Rodel C, Kuo LJ, et al. Long-Term
Outcome in Patients With a Pathological Complete Response After
Chemoradiation for Rectal Cancer: A Pooled Analysis of Individual Patient
Data. Lancet Oncol (2010) 11(9):835–44. doi: 10.1016/S1470-2045(10)70172-8

20. Wang X, Zheng Z, ZhuH, YuQ,Huang S, Lu X, et al. Timing toAchieve the Best
Recurrence-Free Survival After Neoadjuvant Chemoradiotherapy in Locally
Advanced Rectal Cancer: Experience in a Large-Volume Center in China. Int J
Colorectal Dis (2021) 36(5):1007–16. doi: 10.1007/s00384-020-03829-y

21. Meng Y, Wan L, Zhang C, Wang C, Ye F, Li S, et al. The Predictive Value of
Pre-/Postneoadjuvant Chemoradiotherapy MRI Characteristics for Patient
February 2022 | Volume 12 | Article 713335

http://www.home-for-researchers.com
http://www.home-for-researchers.com
https://doi.org/10.1016/j.bcp.2020.114285
https://doi.org/10.1212/WNL.0000000000011264
https://doi.org/10.1016/j.jss.2019.06.089
https://doi.org/10.1053/j.seminoncol.2020.02.001
https://doi.org/10.1053/j.seminoncol.2020.02.001
https://doi.org/10.1016/j.semcancer.2019.06.017
https://doi.org/10.1016/j.semcancer.2020.05.004
https://doi.org/10.2147/CMAR.S168573
https://doi.org/10.2147/CMAR.S168573
https://doi.org/10.1016/j.semcancer.2020.06.018
https://doi.org/10.1186/s12885-019-6424-4
https://doi.org/10.1080/14737140.2021.1845145
https://doi.org/10.1016/j.semcancer.2017.09.009
https://doi.org/10.1159/000504093
https://doi.org/10.1186/s12935-020-01534-y
https://doi.org/10.1186/s12935-020-01534-y
https://doi.org/10.21037/jgo-21-403
https://doi.org/10.1016/j.apjtm.2016.11.010
https://doi.org/10.7314/apjcp.2015.16.6.2425
https://doi.org/10.7314/apjcp.2015.16.6.2425
https://doi.org/10.1515/raon-2017-0059
https://doi.org/10.5306/wjco.v11.i12.990
https://doi.org/10.1016/S1470-2045(10)70172-8
https://doi.org/10.1007/s00384-020-03829-y
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. RUNX3/EZH2 in Rectal Cancer
Outcomes in Locally Advanced Rectal Cancer. Acad Radiol (2020) 27(9):
e233–43. doi: 10.1016/j.acra.2019.10.021

22. Finetti MA, Grabovska Y, Bailey S, Williamson D. Translational Genomics of
Malignant Rhabdoid Tumours: Current Impact and Future Possibilities.
Semin Cancer Biol (2020) 61:30–41. doi: 10.1016/j.semcancer.2019.12.017

23. Biswas A, Mukherjee G, Kondaiah P, Desai KV. Both EZH2 and JMJD6
Regulate Cell Cycle Genes in Breast Cancer. BMC Cancer (2020) 20(1):1159.
doi: 10.1186/s12885-020-07531-8

24. Gong H, Li Y, Yuan Y, Li W, Zhang H, Zhang Z, et al. EZH2 Inhibitors
Reverse Resistance to Gefitinib in Primary EGFR Wild-Type Lung Cancer
Cells. BMC Cancer (2020) 20(1):1189. doi: 10.1186/s12885-020-07667-7

25. Lian R, Ma H, Wu Z, Zhang G, Jiao L, Miao W, et al. EZH2 Promotes Cell
Proliferation by Regulating the Expression of RUNX3 in Laryngeal Carcinoma.
Mol Cell Biochem (2018) 439(1-2):35–43. doi: 10.1007/s11010-017-3133-7

26. Zheng J, Mei Y, Xiang P, Zhai G, Zhao N, Xu C, et al. DNA Methylation
Affects Metastasis of Renal Cancer and is Associated With TGF-Beta/RUNX3
Inhibition. Cancer Cell Int (2018) 18:56. doi: 10.1186/s12935-018-0554-7
Frontiers in Oncology | www.frontiersin.org 12109
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Wu, Xu, Gao, Wang and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
February 2022 | Volume 12 | Article 713335

https://doi.org/10.1016/j.acra.2019.10.021
https://doi.org/10.1016/j.semcancer.2019.12.017
https://doi.org/10.1186/s12885-020-07531-8
https://doi.org/10.1186/s12885-020-07667-7
https://doi.org/10.1007/s11010-017-3133-7
https://doi.org/10.1186/s12935-018-0554-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Sudipto Das,

Royal College of Surgeons in Ireland,
Ireland

Reviewed by:
Apollonia Tullo,

National Research Council, Italy
Ian Sean Reynolds,

St Vincent’s University Hospital,
Ireland

*Correspondence:
Diana Noronha Nunes

dnoronha@accamargo.org.br

Specialty section:
This article was submitted to

Gastrointestinal Cancers:
Colorectal Cancer,

a section of the journal
Frontiers in Oncology

Received: 05 November 2021
Accepted: 17 February 2022
Published: 22 March 2022

Citation:
Takenaka IKTM, Bartelli TF,
Defelicibus A, Sendoya JM,

Golubicki M, Robbio J, Serpa MS,
Branco GP, Santos LBC, Claro LCL,

dos Santos GO, Kupper BEC,
da Silva IT, Llera AS, de Mello CAL,

Riechelmann RP, Dias-Neto E, Iseas S,
Aguiar S Jr and Nunes DN (2022)

Exome and Tissue-Associated
Microbiota as Predictive Markers of

Response to Neoadjuvant Treatment
in Locally Advanced Rectal Cancer.

Front. Oncol. 12:809441.
doi: 10.3389/fonc.2022.809441

ORIGINAL RESEARCH
published: 22 March 2022

doi: 10.3389/fonc.2022.809441
Exome and Tissue-Associated
Microbiota as Predictive Markers of
Response to Neoadjuvant Treatment
in Locally Advanced Rectal Cancer
Isabella Kuniko T. M. Takenaka1, Thais F. Bartelli 1, Alexandre Defelicibus2,
Juan M. Sendoya3,4, Mariano Golubicki5,6, Juan Robbio6, Marianna S. Serpa1,
Gabriela P. Branco1, Luana B. C. Santos1, Laura C. L. Claro7, Gabriel Oliveira dos Santos7,
Bruna E. C. Kupper8, Israel T. da Silva2, Andrea S. Llera3,4, Celso A. L. de Mello9,
Rachel P. Riechelmann9, Emmanuel Dias-Neto1,10, Soledad Iseas5, Samuel Aguiar Jr 8

and Diana Noronha Nunes1,11*

1 Medical Genomics Laboratory, International Center for Research, A.C.Camargo Cancer Center, São Paulo, Brazil,
2 Laboratory of Bioinformatics and Computational Biology, International Center for Research, A.C. Camargo Cancer Center,
São Paulo, Brazil, 3 Laboratorio de Terapia Molecular y Celular – Genomics Unit, Fundación Instituto Leloir, Buenos Aires,
Argentina, 4 Instituto de Investigaciones Bioquímicas de Buenos Aires (IIBBA), Consejo Nacional de Investigaciones
Cientı́ficas y Técnicas (CONICET), Buenos Aires, Argentina, 5 Oncology Unit, Hospital de Gastroenterologı́a Carlos Bonorino
Udaondo, Buenos Aires, Argentina, 6 Clinical Oncology, Intergrupo Argentino para el Tratamiento de los Tumores
Gastrointestinales (IATTGI), Buenos Aires, Argentina, 7 Department of Pathology, A.C.Camargo Cancer Center, São Paulo,
Brazil, 8 Colorectal Cancer Department, A.C.Camargo Cancer Center, São Paulo, Brazil, 9 Department of Clinical Oncology,
A.C.Camargo Cancer Center, São Paulo, Brazil, 10 Laboratory of Neurosciences (LIM-27) Alzira Denise Hertzog Silva, Institute
of Psychiatry, Faculdade de Medicina, Universidade de São Paulo, São Paulo, Brazil, 11 National Institute of Science and
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The clinical and pathological responses to multimodal neoadjuvant therapy in locally
advanced rectal cancers (LARCs) remain unpredictable, and robust biomarkers are still
lacking. Recent studies have shown that tumors present somatic molecular alterations
related to better treatment response, and it is also clear that tumor-associated bacteria are
modulators of chemotherapy and immunotherapy efficacy, therefore having implications
for long-term survivorship and a good potential as the biomarkers of outcome. Here, we
performed whole exome sequencing and 16S ribosomal RNA (rRNA) amplicon
sequencing from 44 pre-treatment LARC biopsies from Argentinian and Brazilian
patients, treated with neoadjuvant chemoradiotherapy or total neoadjuvant treatment,
searching for predictive biomarkers of response (responders, n = 17; non-responders, n =
27). In general, the somatic landscape of LARC was not capable to predict a response;
however, a significant enrichment in mutational signature SBS5 was observed in non-
responders (p = 0.0021), as well as the co-occurrence of APC and FAT4 mutations (p <
0.05). Microbiota studies revealed a similar alpha and beta diversity of bacteria between
response groups. Yet, the linear discriminant analysis (LDA) of effect size indicated an
enrichment of Hungatella, Flavonifractor, and Methanosphaera (LDA score ≥3) in the pre-
treatment biopsies of responders, while non-responders had a higher abundance of
Enhydrobacter, Paraprevotella (LDA score ≥3) and Finegoldia (LDA score ≥4). Altogether,
the evaluation of these biomarkers in pre-treatment biopsies could eventually predict a
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neoadjuvant treatment response, while in post-treatment samples, it could help in guiding
non-operative treatment strategies.
Keywords: locally advanced rectal cancer, neoadjuvant chemoradiotherapy, whole exome sequencing, microbiota,
biomarkers of treatment response, mutational signatures
1 INTRODUCTION

Locally advanced rectal cancers (LARCs) constitute one-third of
all colorectal tumors and present a well-established treatment,
comprising two standardized protocols. One strategy is the
intravenous or oral administration of 5-fluorouracil (5-FU)-
based neoadjuvant chemoradiotherapy (nCRT), followed by
surgery, while the other is the total neoadjuvant treatment
(TNT), which delivers both fluorouracil- and oxaliplatin-based
chemotherapy and chemoradiotherapy prior to surgery. Despite
the recent advances in the management of LARC, the responses
to multimodal neoadjuvant therapy (chemoradiation) vary
widely among patients. Pathological complete response (pCR)
is defined as the absence of viable tumor cells in the surgical
resection specimen and occurs in approximately 10%–30% of
patients treated with nCRT, reaching between 17.2% and 38.5%
in LARC-patients treated with TNT (1–5). Whereas previous
studies have shown pCR to be an important prognostic factor for
overall survival (OS) (6, 7) non-responder (NR) patients, instead
of having their tumors surgically removed right after diagnosis,
are otherwise exposed to the toxic effects of a non-effective
chemoradiation (6, 8). Therefore, the identification of predictive
biomarkers of complete response before treatment could be very
beneficial for the management of LARC patients.

Several studies have evaluated the importance of clinical and
pathological markers potentially associated with nCRT response.
For instance, the pathological grade, tumor size, clinical stage
determined by imaging techniques, pre-treatment levels of the
carcinoembryonic antigen (CEA), nCRT and surgery intervals,
and tumor budding, among others, may impact the nCRT
response (1, 9–11). More recently, molecular approaches such
as the identification of gene mutations, gene expression profiles
(12), genomic instability (13), and DNA methylation (14) have
been evaluated in pCR prediction and some frequently mutated
genes were identified (15). However, some findings are still
controversial and depend on validation in larger independent
cohorts with a systematic and standardized pCR evaluation.
Therefore, no biomarkers are currently used in the clinical
setting (16–19). Overall, despite numerous efforts, the
predictive markers for pCR in locally advanced rectal cancer
with sufficient sensitivity and specificity are still lacking.

In the last few years, some groups have suggested that not
only the tissue-associated microbiota composition is significantly
different between rectal cancer and non-cancer samples (20) but
also that tumor-associated bacteria are directly related to the
efficacy of chemotherapy and immunotherapy in melanoma,
lung, and pancreatic cancers (21–23). Moreover, Riquelme
et al. (24) reported that the microbiota of pancreatic tumors
influences long-term survival in patients with resected pancreatic
ductal adenocarcinoma (PDAC), although the predictive role of
2111
microbiota in response to cancer-directed therapies remain
undetermined. Furthermore, a recent study showed that
bacteria are associated with seven distinct tumor types, where
they commonly have intracellular locations in tumors and in
some immune cells (25).

Fusobacterium nucleatum is a well-known gut bacterium
extensively associated with pre-neoplastic lesions in colonic
mucosae, colorectal tumors, and colorectal tumor recurrence
(26–28). Although an increased abundance of F. nucleatum has
been reported in rectal cancer patients with poor response to
nCRT (26, 29), this species has not been confirmed as a universal
marker of poor response. In this sense, due to the multifactorial
nature of the neoplastic disease, it is likely that only a
combination of different biomarkers will al low the
development of sensitive and robust tests capable of identifying
patients more likely to benefit from nCRT or TNT and
achieve pCR.

In an attempt to contribute to the search for more robust
biomarkers of treatment response in LARC, we present here a
combined and prospective evaluation of tumor tissue-associated
microbiota and whole exome sequencing (WES) from a cohort of
44 patients from Argentina and Brazil, diagnosed with LARC
and treated with neoadjuvant therapy (chemoradiation plus/
minus chemotherapy).
2 MATERIAL AND METHODS

2.1 Patients and Collection of Samples
Biopsies were collected prior to nCRT/TNT from patients that
underwent colonoscopy examination for rectal cancer diagnosis
between 2018 and 2020 at the A.C.Camargo Cancer Center
(ACCCC), São Paulo, Brazil (n = 26) and Hospital de
Gastroenterologıá Dr. Carlos Bonorino Udaondo, Buenos
Aires, Argentina (n = 18). All Brazilian (BR) and Argentinian
(AR) fresh-frozen tumor biopsy samples were stored at -80°C
until further processing and slides from all samples were
histologically examined to confirm the diagnosis of rectal
cancer. LARC patients were prospectively recruited in this
observational and multicentric study. Inclusion criteria were
pa t i en ts wi th : ( i ) h i s to log i ca l l y confi rmed rec ta l
adenocarcinoma and age >18 years old; (ii) candidates to
initiate nCRT treatment with continuous infusion of 5-FU
(fluorouracil) or oral capecitabine (825 mg/m2/twice a day),
and radiotherapy (a total dose of 50.4 Gy in 28 fractions); (iii)
or TNT treated patients (exclusively from Argentina) receiving
induction treatment with three cycles of CAPOX (130 mg/m2 of
oxaliplatin on day 1 and capecitabine 1,000 mg/m2/twice a day,
for 14 days, every 3 weeks), followed by conventional nCRT.
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The classification of patients as responders (R) or NR was
determined after the histopathological analysis of tissue
samples collected during surgery. Our efforts were taken in
order to match the patients from these groups according to
gender, age, tumor location, and stage.

2.2 Response Evaluation
The assessment of treatment response was performed 8–12
weeks after completing radiotherapy by digital rectal exam
(DRE), colonoscopy examination with biopsy collection, and
imaging tests (thorax abdomen computed tomography [CT] and
pelvic magnetic resonance imaging [MRI]), followed or not by
surgery and adjuvant chemotherapy. From now on, nCRT and
TNT will be referred to as nCRT throughout this manuscript.
The responses to nCRT were defined according to the presence
(pathological incomplete response, group NR, n = 27) or the
absence (ypT0N0—responder patients, group R, n = 17) of
reminiscent viable tumor cells in the surgical specimens.
Patients classified as clinical complete responders by DRE,
colonoscopy, CT, and MRI managed by a watch-and-wait
protocol were assigned to the group R if there was a clinical
and radiological/proctoscopy complete response. Patients were
also classified according to the pathological tumor regression
observed in the surgical specimen using the Protocol for the
Examination of Specimens from Patients with Primary
Carcinoma of the Colon and Rectum (v.4.0.1.0), as
recommended by the College of American Pathologists
(CAP) (30).

This study was approved by the ACCCC Review Board (2446/
17), by the Udaondo Hospital Ethics Committee (HBU-ONCO-
DEGENS) and the Instituto Leloir Institutional Review Board
CBFIL (CBFIL#20, May/2015). All patients have voluntarily
chosen to participate by signing an informed consent form
prior to sample collection.

2.3 Whole Exome Sequencing
and Analyses
WES was performed for R (n = 17) and NR patients (n = 27) after
DNA extraction from tissue biopsies, collected at diagnosis
(AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany).
Tissues had an average 60% of tumor cells (all samples
presented at least 30% of neoplastic cells detected by
histological analysis). Two hundred nanograms of DNA were
used for the construction of libraries (Agilent SureSelect Human
All Exon v6 kit; Agilent Technologies, Santa Clara, CA, United
States) and sequencing was performed on NextSeq 4000
(Illumina, USA) to generate paired end reads (2 × 100 bp),
with at least 50× average vertical coverage (Macrogen, Seoul,
South Korea). Sequencing reads were aligned to the GRCh38
human reference genome using the Burrows-Wheeler Alignment
- Maximal Exact Match (BWA-MEM) (31), and all pre-
processing steps were performed in accordance with the best
practice guidelines of the Genome Analysis Toolkit (GATK4)
(32). Duplicated reads were removed using Picard (v2.22.8;
https://broadinstitute.github.io/picard/), base scores were
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recalibrated, and single-nucleotide variations (SNVs) and
insertions/deletions were called with MuTect2 (v.4.1.7). In
addition to the GATK4 hard filters, variants were filtered
according to coverage, keeping only those confirmed by at least
5 altered reads in regions with >15× coverage, and with allele
frequencies between 0.05 and 0.35 and frequencies ≤1% in non-
cancer databases such as ExAC and gnomAD (https://gnomad.
broadinstitute.org/), and 1000G databases (33).

In order to exclude potential germline variants, we excluded
variants present in AbraOM [cohort SABE609, http://abraom.
ib.usp.br/ (34)] and in our WES-panel of non-cancer BR
subjects (n = 169) (data not published). Further analyses
[tumor mutation burden (TMB), intratumoral heterogeneity
(ITH), oncogenic pathways, and co-occurrent mutations] were
performed using R packages maftools (v.2.8.05) (35) and
ggplot2 (v.3.3.5) (36). Finally, mutational signatures were
analyzed with signeR (37).
2.4 16S rRNA Gene Amplification,
Sequencing and Bioinformatic Analyses
2.4.1 DNA Extraction, PCR Amplification,
and Sequencing
Fifty nanograms of genomic DNA from all fresh-frozen biopsies
were used to generate amplicons to evaluate the microbiota (16S
rRNA V3–V4 region). Amplicons were produced in 35 µl
volume reactions containing 17.5 µl of KAPA2G Robust
HotStart ReadyMix (KAPA Biosystems; Sigma-Aldrich, San
Luis, MO, United States), template DNA and 5 µM of each
oligonucleotide primer (Illumina sequencing adapters in bold):
U341F (5’-CACTCTTTCCCTACACGACGCTCTTCCGAT
CTCCTACGGGRSGCAGCAG - 3 ’ ) , and 806R (5 ’ -
G T GAC TGGAGT T CAGACG TG TGC T C T T C CG
ATCTGGACTACHVGGGTWTCTAAT-3 ’) . The PCR
amplification cycle consisted of an initial heating step of 95°C
for 2 min, followed by 30 cycles of 95°C for 20 s and 54°C
annealing for 15 s, and a final elongation step of 5 min at 72°C.
Amplicons were purified with Ampure XP Beads (Beckman
Coulter, Brea, CA, United States) and quantified by Qubit
dsDNA High Sensitivity (Thermo Fisher Scientific, Waltham,
MA, United States). A second PCR amplification was performed
in triplicates to insert barcodes to the amplicons before
sequencing, using 5 ng of template and a reaction mix with
Taq Platinum (Invitrogen, Waltham, MA, United States). This
PCR amplification step consisted of an initial heating step of 95°
C for 5 min, followed by 10 cycles of 95°C for 45 s, 66°C for 30 s,
72°C for 45 s, and a final elongation step of 2 min at 72°C.
Library triplicates were purified with Ampure XP Beads
(Beckman Coulter, Brea, CA, United States) and pooled,
followed by a quantification step by real-time PCR (KAPA
Library Quantification Kit for Illumina Platforms—KAPA
Biosystems, Sigma-Aldrich, San Luis, MO, United States).
Sequencing was performed in the MiSeq platform (Illumina,
United States) using MiSeq Reagent v2 (500-cycles) in paired-
end mode.
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2.4.2 Microbiome Sequencing Analyses
As a preprocessing step, adapters and primers were trimmed
using Cutadapt (v.3.4) and reads mapping to the human genome
(GRCh37/h19—BWA v.0.7.31) were removed. The remaining
reads were analyzed using Qiime2 (v.2020.8) software package
(38), and a quality score filter was applied (phred score >10).
Next, samples were denoised with deblur (39) and amplicon
sequence variants (ASVs) were evaluated against the SILVA
(v.132) database for taxonomic classification (40). Further
analyses were performed using R package phyloseq (v.1.36.0)
(41) and results were plotted with ggplot2 (v.3.3.5) (36). ASVs
represented by less than 3 reads were discarded and as most
samples almost reached saturation with 1,750 reads; only those
above this limit were considered for further analysis.

Alpha (observed, Chao1, Simpson, and Shannon) and beta
(Bray–Curtis, unweighted and weighted Unifrac) diversity
analyses were performed utilizing R package phyloseq
(v.1.36.0). Additionally, non-parametric tests were used to
evaluate the different ia l abundances of a lpha and
permutational analysis of variance (PERMANOVA/ADONIS),
using 999 permutations, to calculate the significance of
differences in beta diversity indexes (R package vegan, v2.5-7).
The linear discriminant analysis effect size (LEfSe) was used to
evaluate bacterial differential abundances among samples (42),
and phylogenetic investigation of communities by the
reconstruction of unobserved states (PICRUSt) was used to
predict the functional composition of a metagenome using the
reads from 16S rRNA gene sequencing (43). To compare the
differences in phyla and genera abundance between groups, raw
counts were normalized by dividing the number of reads
obtained for each taxon by the total number of reads from
that sample.

2.5 Statistical Analyses
Clinicopathological and lifestyle variables were collected through
medical records and questionnaires. Fisher’s exact test and chi-
square tests were used for qualitative variables andWilcoxon and
Mann–Whitney U tests for quantitative variables, when
appropriate (Statistical Package for the Social Sciences (SPSS),
IBM v.17.0; Chicago, IL, United States). The comparisons
between clinicopathological, lifestyle variables, microbiota
composition, and mutations in rectal cancer were performed
with Fisher’s exact test and p-values <0.05 were considered to be
statistically significant.
3 RESULTS

3.1 Patients’ Characteristics
At the ACCCC, a total of 41 LARC patients were recruited, and after
selection and pairing, a total of 26 LARC patients (R = 11; NR = 15)
were included for Brazil. The cohort from Argentina consisted of 18
patients (R = 6; NR = 12). The clinicopathological and lifestyle
features of the 44 LARC patients are summarized in Table 1. The
BR cohort was treated exclusively with nCRT, while the AR cohort
had eight patients treated with nCRT and ten with TNT. Both
Frontiers in Oncology | www.frontiersin.org 4113
groups showed no statistical differences in terms of age, gender,
tumor location, or staging, as well as the clinical variables and pCR
analysis. As clinical characteristics were homogeneous between the
patients from the two countries, they were combined in a larger
cohort for further analysis. The median age at diagnosis was 58
years; most patients were men (62.4%), with tumors of T3 (65.9%)
and N1 (68.2%) stages; 77.3% were treated with nCRT and 22.7%
with TNT. A significant association was observed between
perineural invasion and poor response to treatment (p-value =
0.007), while no other significant associations were observed in the
analysis of clinical characteristics and pathological response between
both treatment regimens.

3.2 Whole Exome Sequencing Analyses
WES was performed for all 44 samples using DNA extracted
from tumor biopsies collected at diagnosis, with a mean of 46
million reads/sample. On average, 94% and 83% of exonic
regions were respectively covered with more than 10 or 20
reads. A total of 4,054 variants were identified (94 variants/
sample), including: 93 frameshift deletions, 37 frameshift
insertions, 34 in-frame deletions, 6 in-frame insertions, 3,567
missense mutations, 195 nonsense mutations, 4 nonstop, and
118 splice site. A single sample derived from an AR NR patient
was classified as hypermutated as it presented a missense
mutation in exon 19 of the MLH1 gene, leading to 1,511
variants just in this particular tumor sample, a significantly
higher number as compared to non-hypermutated tumors,
which presented a median of 59 somatic variants. A further
investigation of this patient’s white blood cell DNA confirmed
the presence of the same mutation in his germline lineage,
suggesting a Lynch syndrome diagnosis, and some of the
patient’s relatives were contacted to receive genetic counseling.
We also analyzed AR and BR samples separately, and both
cohorts presented a similar mutational pattern, characterized
by the predominance of SNV variants, classified as missense,
mostly C>T transitions (Supplementary Figures S1, S2).

We have also investigated the association of TMB and
response to nCRT, yet no statistical significance was found
(Mann–Whitney test, p-value = 0.1096). When the samples
from each country were assessed separately, considering the
response to the therapy used, although samples from
Argentina presented a higher TMB, no significant differences
were observed between R and NR cohorts (Mann–Whitney test,
p-value AR samples = 0.2225; p-value BR samples = 0.2543)
(Figure 1A). ITH was inferred using the mutant allele tumor
heterogeneity (MATH) score (maftools R package), where the
tumors with a higher number of distinct cellular populations
present greater scores. The WES-MATH scores obtained from
LARC samples ranged from 14.7 to 73.2 (median = 39.4, mean =
40.9). However, we observed no associations between the MATH
values and the treatment response (p-value = 0.3524, Mann–
Whitney test), country of origin (p-value = 0.3173, Mann–
Whitney test), T-stage (p-value = 0.3789, Mann–Whitney test),
or N-stage (p-value = 0.0854, Mann–Whitney test).

Leaving aside the FLAGS genes (44), the most mutated genes
were APC and MUC20, both with mutations in 28% of the BR
March 2022 | Volume 12 | Article 809441
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cohort and in 39% of the AR cohort, followed by TP53 (altered in
11% of AR samples and 20% of the BR ones), and CROCC
(mutations in 6% of AR patients and in 20% of the BR
patients). Also, tumors presented an important interindividual
Frontiers in Oncology | www.frontiersin.org 5114
heterogeneity and identical mutations among the distinct patients
in both cohorts were rare (Figures 1B, C). Interestingly,
despite being a FLAGS gene, MUC16 mutations were detected
in 24% of R and 12% of NR patients, although the statistical
TABLE 1 | Clinicopathological and lifestyle characteristics of LARC patients from Argentina and Brazil enrolled in this study.

Characteristics Number of patients (n = 44) Response to nCRT p-value

NR (n = 27) R (n = 17)

Median age at diagnosis 58 (34–79) 58 (34–79) 63 (43–77)
Country
Argentina 18 (40.9%) 12 (44.4%) 6 (35.3%) 0.775b

Brazil 26 (59.1%) 15 (34.1%) 11 (64.7%)

Gender
Male 27 (62.4%) 17 (63.0%) 10 (58.8%) 1.0b

Female 17 (38.6%) 10 (37.0%) 7 (41.2%)

Tumor location
Mid rectum 20 (45.5%) 14 (51.8%) 6 (35.3%) 0.445b

Low rectum 24 (54.5%) 13 (48.2%) 11 (64.7%)

T stage pre-treatment
T2 5 (11.4%) 2 (7.4%) 3 (17.7%) 0.587a

T3 29 (65.9%) 19 (70.4%) 10 (58.8%)

T4 10 (22.7%) 6 (22.2%) 4 (23.5%)

N stage pre-treatment
N0 12 (27.3%) 5 (18.5%) 7 (41.2%) 0.176a

N1 30 (68.2%) 21 (77.8%) 9 (52.9%)

N2 2 (4.5%) 1 (3.7%) 1 (5.9%)

CEA pre-treatment
≤5 24 (54.5%) 13 (48.2%) 11 (64.7%) 0.617b

≥5 20 (45.5%) 14 (51.8%) 6 (35.3%)

Alcohol consumption 0.559b

No 25 (56.8%) 14 (51.8%) 11 (64.7%)

Yes 19 (43.2%) 13 (48.2%) 6 (35.3%)

Tobacco consumption 0.916a

No 22 (50.0%) 14 (51.9%) 8 (47.1%)

Yes 13 (29.5%) 8 (29.6%) 5 (29.4%)

Former 9 (20.5%) 5 (18.5%) 4 (23.5%)
Neoadjuvant treatment 0.465a

TNT 10 (22.7%) 7 (25.9%) 3 (17.6%)

nCRT (5-FU and capecitabine) 34 (77.3%) 20 (74.1%) 14 (82.4%)

Mucinous differentiation 1.0a

Present (>50% of tumor cells) 1 (2.3%) 1 (100%) 0 (0%)

Absent 25 (56.8%) 14 (51.8%) 11 (48.2%)

NA 18 (40.9%) 12 (44.4%) 6 (35.3%)

Lymphovascular invasion 0.074a

Present 7 (15.9%) 7 (100%) 0 (0%)

Absent 33 (75.0%) 20 (60.6%) 13 (39.4%)

NA 4 (9.1%) 0 (0%) 4 (100%)

Perineural invasion 0.007a*
Present 11 (25.0%) 11 (100%) 0 (0%)

Absent 28 (63.6%) 15 (53.6%) 13 (46.4%)

NA 5 (11.4%) 1 (20.0%) 4 (80.0%)

Tumor budding 0.680a

Present 12 (27.3%) 6 (50.0%) 6 (50.0%)

Absent 12 (27.3%) 8 (66.6%) 4 (33.4%)

NA 20 (45.4%) 13 (65.0%) 7 (35.0%)
March 2022 | Volume 12 | Articl
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significance level was not reached. Furthermore, neither the mean
number of mutations nor any of the top 30 mutated genes were
distinct between the groups with different responses to nCRT
treatment. At last, the analysis of mutual exclusivity and co-
occurrence of mutations suggests that concurrent mutations in
tumor suppressor genes APC and FAT4 are significantly
correlated with the lack of response to nCRT (p-value < 0.05)
(Figures 1D, E).

Although the Wnt-b catenin pathway was the most
frequently altered in R (70% vs. 50% in NR) (Figure 2A), the
Hippo pathway was the most affected in NR (54% compared to
23.5% in R) (Figure 2B). In addition, while the Wnt-b catenin
pathway presented a similar mutational profile between groups
with distinct responses to nCRT (Figures 2C, D), different genes
from the Hippo pathway were observed as mutated in R and NR
patients (Figures 2E, F), with NR samples presenting 14 altered
genes with at least one variant, while in the R group, only 4 genes
were mutated, each with only one variant.

As the clusters of somatic mutations in human cancers
usually present characteristics imprinted in the genome, we
also investigated the putative association of mutational
signatures with distinct treatment responses to the treatment
therapies used (37, 45). For most patients, similar mutational
profiles were found, and for this reason, we have reanalyzed our
data, focusing on mutational signatures previously correlated to
Frontiers in Oncology | www.frontiersin.org 6115
colorectal cancer. From this analysis, we identified the age-
related signature (SBS1), signatures of unknown etiology
(SBS5, SBS94, SBS89, SBS17a, and SBS17b), and just one
patient exhibited a distinct mutational profile with a significant
proportion of the defective DNAMMR-related signatures SBS15
and SBS26 (as previously identified by the MLH1 gene
mutation). We observed no clustering of samples regarding
any clinical pathological characteristics or, for that matter, any
other of the evaluated features (Supplementary Figure S3A).
Noteworthy, NR patients presented an enrichment of the SBS5
signature when compared to R patients (p-value = 0.0021), yet its
underlying mechanisms are not fully understood (46)
(Supplementary Figure S3B).
3.3 The Rectal Tissue-Associated
Tumor Microbiota
3.3.1 Sequence Analyses
The V3–V4 regions from the 16S rRNA gene were successfully
amplified in all 44 biopsy samples, leading to an average of
24,819 quality-filtered reads per sample. All samples reached
saturation with about 1,750 reads (Supplementary Figure S4). A
total of 2,097 ASVs were classified according to the SILVA
database, and after removing sequences with less than 3 reads,
1,858 ASVs remained.
A
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FIGURE 1 | Mutational profile from LARC samples. (A) TMB comparison between AR and BR pre-treatment biopsy samples from R and NR patients diagnosed
with LARC (Wilcoxon test p-value = 0.4 for AR R vs. NR; p-value = 0.58 for BR R vs. NR). (B) Distribution of somatic mutations found in pre-treatment biopsies of
LARC in BR and (C) AR samples. Each column represents a patient, and each line represents a gene. The upper plot shows the number of mutations (TMB) in each
sample, the central plot shows the mutation types as indicated by the colors, the right plot indicates the number of samples with mutations in that specific gene, and
the lower part of the figure indicates the response of each patient (R, responder; NR, non-responder). (D) Co-occurrence of genetic alteration analysis in LARC
biopsies before neoadjuvant treatment obtained from NR and (E) R patients.
March 2022 | Volume 12 | Article 809441

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Takenaka et al. Exome and Microbiota Predicting Response
3.3.2 Alpha and Beta Diversity
The LARC-associated microbiota in AR tissue samples presented
a non-significant trend toward an increased number of observed
ASVs, as well for increased richness (Chao 1 estimator), as
compared to the BR tissue samples (p-values = 0.07 and 0.068,
respectively) (Figure 3A). When patients were stratified as R and
NR, we observed no significant differences in any of the evaluated
alpha indexes (observed, Chao1, Shannon, and Simpson, p-value >
0.05) (Figure 3B). We also evaluated species richness between low
and medium rectum samples (Supplementary Figure S5), and
CAP 0 samples vs. other regression grades (Supplementary
Figure S6), yet similar microbial diversity were again observed
from these analyses (observed, Chao1, Shannon, and Simpson,
p-value > 0.05).

The comparison between AR and BR samples showed
statistically significant differences in its bacterial composition
(Bray–Curtis and unweighted Unifrac, p-value = 0.005, ADONIS
using 999 permutations) (Figure 3C). However, similar
abundance and phylogenetic distances were observed between
R and NR patients (Figure 3D), as well as in low and medium
rectum samples (Supplementary Figure S7) and CAP 0 samples
vs. other regression grades (Supplementary Figure S8) (Bray–
Curtis, unweighted Unifrac, and weighted Unifrac, p-value >
0.05, ADONIS using 999 permutations).
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3.3.3 Microbial Communities
A total of 16 phyla, 25 classes, 48 orders, 76 families, and 219
genera were identified in all samples. Moreover, at least 1.72%,
1.76%, and 5.7% of ASVs were respectively classified as
uncultured, uncultured bacterium or NA at the genus level.
These ASVs were considered individually in our analysis.

At the phylum level, bacterial composition of AR and BR
samples concerning treatment responses was similar, with three
phyla contributing with more than 85% of the microbiota.
Bacteroidetes was the most predominant phylum in BR
biopsies (36.2% vs. 31.2% in AR) and Firmicutes in AR
samples (32.4% vs. 36.2% in BR) (Figure 4A). When the
patients from both countries were combined and then
stratified in R and NR, Bacteroidetes was more abundant in
NR (35.2% vs. 31.6% in R), while in R patients’ biopsies, the most
dominant phylum was Firmicutes (38.0% vs. 31.7% in NR,
respectively) (Figure 4B), and no significant differences were
observed between the samples from different countries or
cohorts with different responses to treatment (Wilcoxon-test,
p-value > 0.05).

From all the genera identified, only 38% and 10% presented
relative abundances of above 0.1% or 1%, respectively
(Figure 4C). Considering the 10 most abundant genera
associated with the rectal mucosa, similar profiles were
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FIGURE 2 | Oncogenic pathway analysis in WES data from LARC. The most altered oncogenic pathways in LARC biopsies before neoadjuvant treatment in (A) NR
and (B) R patients. Wnt-b catenin oncogenic pathway alterations in LARC biopsies before neoadjuvant treatment in (C) NR and (D) R patients. Tumor suppressor
genes are represented in red and oncogenes in blue. Each square represents a sample with a mutation in the respective gene. Hippo oncogenic pathway alterations
in LARC biopsies before neoadjuvant treatment in (E) NR and (F) R patients. Tumor suppressor genes are represented in red and oncogenes in blue. Each square
represents a sample with a mutation in the respective gene.
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observed between AR and BR, as well as in the groups with a
distinct response to nCRT (Table 2).

A high-dimensional analysis comparing the cohorts from
both countries by the LEfSe identified 24 genera differentially
enriched between the samples from Argentina and Brazil (LDA
score ≥3), five of them with an LDA score ≥4. The genus
Corynebacterium_1 (mean relative abundance of 0.28% in AR
and 0.02% in BR samples), Porphyromonas (mean relative
abundance of 1.7% in AR and 0.16% in BR samples) and
uncultured_77 (mean relative abundance of 0.11% AR and
0.04% in BR samples) were all more abundant in the samples
from Argentina (Figure 5).

When the samples from each country were evaluated
separately, comparing R and NR groups, the genus Hungatella
was identified exclusively in R patients, while Finegoldia was
found only in NR, both from the BR cohort (LDA score ≥4)
(Figure 6A). On the other hand, in the samples from Argentina,
the genera Ruminiclostridium_5 and Senegalimassilia were
identified only in R, while in NR, we observed a higher
abundance of Anaerobacillus (LDA ≥ 4) (Figure 6B).

When combining samples from both countries, three genera
were enriched in R samples (LDA ≥3): Flavonifractor (mean
relative abundance of 0.13% in R vs. 0.03% in NR), Hungatella
(mean relative abundance of 0.57% in R vs. 0.07% in NR) and
Methanosphaera (mean relative abundance of 0.02% in R and
absent in NR). On the other hand, Enhydrobacter was exclusively
Frontiers in Oncology | www.frontiersin.org 8117
present in NR samples (LDA ≥ 3, mean relative abundance of
0.10%), while Paraprevotella and Finegoldia were enriched in NR
samples, the last one with LDA ≥ 4 (Figure 6C).

PICRUSt was used to indicate the function and pathways of
the metagenomes previously identified as differentially abundant
between R and NR patients by the LEfSe, the LDA score ≥2.
Increased acetylene degradation was observed in R, while higher
Kdo2-lipi A biosynthesis and methylglyoxal degradation were
detected in NR biopsies (Figure 7).
4 DISCUSSION

The management of LARC patients has changed over the years,
and although better survival rates were reached with
multimodality treatment approaches, the achievement of
complete pathological response rates is still occasional. In our
cohorts, 16.7% of AR and 27% of BR patients reached pCR to
nCRT, values within the 10%–30% range described in the
literature (1) with similar rates between nCRT and TNT-
treated patients. Diverse clinical, radiological, pathological, and
molecular factors have been associated to LARC treatment
efficacy. Whereas all these contribute to the understanding of
the biology of therapeutic response, we still have no markers
reaching the precision required for clinical applications, when
responsive patients identified prior to cancer treatment would
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FIGURE 3 | Alpha and beta diversity of LARC biopsies before neoadjuvant treatment. Boxplots showing the bacterial alpha diversity using different metrics
(observed ASVs, Chao1, Shannon, and Simpson indices) between (A) country of origin of the samples: Argentina and Brazil; (B) response to neoadjuvant treatment:
R and NR patients. No statistically significant differences were observed (Mann–Whitney U test, p-value > 0.05); PCoA ordination plots showing the bacterial beta
diversity using three distance metrics (Bray–Curtis, unweighted and weighted UniFrac) comparing (C) country of origin of the samples: Argentina and Brazil; and
(D) response to neoadjuvant treatment: R and NR patients. Samples from Argentina and Brazil formed two separate clusters (Bray–Curtis and unweighted UniFrac
distances, PERMANOVA/ADONIS p-value < 0.05).
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benefit from the adoption of non-operative therapies (“watch
and wait”) (3, 47) and refractory subjects could be spared from
the conventional nCRT treatment. Despite the continuous search
for histological, serological, cellular, and molecular markers,
Frontiers in Oncology | www.frontiersin.org 9118
there are no established predictive factors to the response to
nCRT in rectal cancer (48). In the absence of reliable markers,
most patients worldwide are blindly subjected to the standard
neoadjuvant chemotherapy treatment regimens, the current gold
A

B

C

FIGURE 4 | Main bacterial phyla and genera in pre-treatment biopsies of LARC: (A) Relative abundance of the main phyla according to the (A) country of origin of
the samples and (B) response to neoadjuvant treatment: R and NR patients. (C) Relative abundance of bacterial genera from Argentina and Brazil, with relative
abundance above 1%.
TABLE 2 | Top 10 genera identified in pre-treatment LARC biopsies according to the country of origin and patient’s response to neoadjuvant treatment (nCRT).

Top 10 NR patients R patients

Genus Frequency (%) Genus Frequency (%)

Brazil
1 Bacteroides 28.9 Bacteroides 25.8
2 Fusobacterium 7.1 Fusobacterium 21.1
3 Faecalibacterium 5.3 Escherichia-Shigella 4.1
4 Roseburia 5.0 Roseburia 3.4
5 Escherichia-Shigella 4.8 Faecalibacterium 3.2
6 Ruminococcaceae UCG-002 4.4 Dialister 2.6
7 Alistipes 2.8 Alistipes 2.4
8 Christensenellaceae R-7 group 2.5 Streptococcus 2.2
9 Odoribacter 2.4 Prevotella 2.2
10 Porphyromonas 1.5 Bacillus 2.0
Argentina
1 Fusobacterium 21.6 Escherichia-Shigella 13.3
2 Bacteroides 20.0 Fusobacterium 12.7
3 Escherichia-Shigella 6.4 Bacteroides 10.2
4 Campylobacter 3.7 Ruminococcaceae UCG-002 5.8
5 Prevotella 7 3.0 Christensenellaceae R-7 group 4.2
6 Porphyromonas 2.9 Rikenellaceae RC9 gut group 3.4
7 Ruminococcaceae UCG-002 2.5 Porphyromonas 3.2
8 Christensenellaceae R-7 group 1.8 Prevotella 2.5
9 Peptostreptococcus 1.8 Ruminococcaceae UCG-005 2.4
10 Acinetobacter 1.7 Faecalibacterium 2.3
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standards to LARC care. Here, we studied the mutation profiles
determined by WES analysis and evaluated the tumor tissue-
associated microbiota collected at diagnosis, as tools to
investigate the potential markers of pCR.
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The previous WES studies from The Cancer Genome Atlas-
Rectum adenocarcinoma (TCGA-READ) (49), after discarding
the FLAGS genes TTN and MUC16, indicate the following top
five most frequently mutated genes: APC (88.3%), TP53 (78.1%),
FIGURE 5 | LEfSe at the genus level for pre-treatment LARC biopsies according to the country of origin. AR samples are indicated by red and BR samples by
green; horizontal bars represent the effect size for each genus, and the bar length represents the log10 LDA score, indicated by the dotted lines (vertical). The three
plots on the right highlight the genera present almost exclusively in AR samples.
A B
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FIGURE 6 | Differently abundant bacteria between R and NR. (A, B) LEfSe at the genus level for pre-treatment LARC biopsies according to the country of origin and
response to neoadjuvant treatment. NR samples are indicated by red and R samples by green; horizontal bars represent the effect size for each genus and bar
length represents the log10 LDA score, indicated by the dotted lines (vertical). (A) BR R and NR patients, the two plots in the bottom highlights genera present
exclusively in NR and R samples; (B) AR R and NR patients, the two plots in the bottom highlight genera present exclusively in R samples. (C) LEfSe at the genus
level for pre-treatment LARC biopsies from Argentina and Brazil according to the response to neoadjuvant treatment. NR samples are indicated by red and R
samples by green; horizontal bars represent the effect size for each genus and bar length represents the log10 LDA score, indicated by the dotted lines (vertical). The
plot in the bottom highlights the genus Finegoldia present almost exclusively in NR samples.
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KRAS (40.9%), FAT4 (21.2%), and FBXW7 (17.5%). For the BR
cohort, theWES-derived mutation rates for these same five genes
were as follows: APC (28%), TP53 (20%), KRAS (0%), FAT4
(8%), and FBXW7 (4%), while in the AR cohort, they were as
follows: APC (39%), TP53 (11%), KRAS (6%), FAT4 (11%), and
FBXW7 (6%). As our low vertical coverage (54×) and variable
horizontal coverage among genes and samples, associated with
our requirements of allelic frequency to call the variants may lead
to a false perception of a low mutation frequency, we took KRAS
as an example to manually investigate variants in the most
frequent mutations hotspots of this gene: codon 12, exon 2;
codon 13, exon 2; codon 61, exon 3; and codon 146, exon 4.
When cases were evaluated manually, one by one, considering
only the coordinates covered by at least 5 reads, we saw 45%
mutation rate (42% in BR and 50% in ARG samples), reinforcing
that our coverage is likely to reveal just the most frequent
mutations in our cohort. As we could not ensure the veracity
of these mutations, we opted to be conservative and report only
the variants called using our stringent filters. The other elements
to be considered include the limited number of patients enrolled
in our study, the heterogeneity of the tumor biopsies the variable
percentage of tumor cells, and the lack of a matched non-tumor
tissue filter, among others. Nevertheless, Ye et al. (2018) (50) also
reported that the exome sequencing of Chinese LARC patients
(average coverage depth 99.3×) showed a much lower somatic
mutation distribution compared to the TCGA genes: APC (36%
vs. 62%) and TP53 (28% vs. 57%), in accordance with other
Chinese studies. Our WES analysis did not point genetic variants
that allowed to segregate response to treatment, such as
candidate variants previously reported as associated with pCR
by Lee et al. (18).

Although being a FLAGS gene, MUC16 mutations were
previously associated with improved prognosis, as it enhances
the antitumor immune responses through cytotoxic T
lymphocytes in endometrial (51) and gastric cancers (52) and
was associated with better response and treatment outcomes
after therapy with immune checkpoint inhibitors (53). A finding
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of potential interest was the increased mutation rate found in
MUC16, which was detected in 24% of R and 12% of NR patients
(Fisher’s exact test, p-value = 0.4069).

Yang et al. (2019) (54) identified three mutational signatures
in pre-treatment LARC samples: one that did not resemble any
COSMIC signatures, another that seemed to be a combination of
more than one COSMIC signature, and SBS1, an age-related
signature. In accordance with this study, our samples presented
not only the SBS1 signature but also SBS5, this being enriched in
NR samples (Mann–Whitney test, p-value = 0.0021). Although
its etiology is unknown, SBS5 is known as a “clock-like”
signature, as the number of mutations increases with an
individual’s age. It is also associated with tobacco smoking,
although no differences in tobacco consumption were observed
between R and NR (p-value = 0.916) (https://cancer.sanger.ac.
uk/signatures/sbs/sbs5/).

Additionally, a noteworthy finding of this study is the
identification of APC and FAT4 co-occurrence mutations
exclusively in NR patients (p-value < 0.05). FAT4 is a
conserved member of the cadherin superfamily, which is
involved in cell-to-cell adhesion (55), capable of suppressing
tumor growth through Hippo signaling activation (56), as well as
activating the Wnt-b catenin signaling (56). It was found
recurrently mutated in melanoma, pancreatic, breast (57), and
gastric cancers (58). In colorectal tumors, FAT4 was described as
a novel recurrently mutated gene (prevalence of 14%) (59), and
more recently, it was also implicated in the regulation of the
PI3K/AKT signaling pathway, inhibiting the epithelial-to-
mesenchymal transition in CRC cells (60). Although FAT4
mutations have been described in colorectal cancers before,
their role in response prediction is still unknown.

It was reported that PDAC patients treated with gemcitabine
and harboring deletions or inactivating mutations in Hippo
pathways presented shorter survival due to drug resistance
(61). As the highly mutated Wnt-b catenin pathway is in part
regulated by Hippo (62) and mutations that potentially inhibit
the Hippo pathway were more prevalent in the NR group, the
FIGURE 7 | Predictions of the metagenomes identified in LARC biopsy samples. PICRUSt predictions of the metagenomes previously identified as differentially
abundant in pre-treatment LARC biopsies between R and NR patients as identified by LEfSe (LDA score ≥ 2).
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concurrent mutations in APC and FAT4 could be potential
markers of treatment resistance. In the same line, Sendoya
et al. (2020) and Kamran et al. (2019) (11, 63) similarly
reported that simultaneous RAS and TP53 mutations in LARC
patients with a proficient DNA repair system were associated
with poor responses to nCRT.

The microbiota associated to the rectal tumor tissues was also
distinct between AR and BR tumors. AR samples had a trend
toward a higher number of ASVs, as well as an increase in
richness as measured by Chao1. Also, when response to
treatment was not considered, the beta diversity between the
LARC-associated microbiota were significantly distinct in Bray–
Curtis and unweighted UniFrac distance metrics, a result
expected, since geography, ethnicity, dietary factors, and tumor
mutational profiles, along with other factors, may influence the
gut microbiome composition (64). In this regard, the crosstalk
between tissue mutational profiles in colorectal cancer and
bacteria associated to these tumors has been well described in
patients with Lynch syndrome and familial adenomatous
polyposis (65, 66), as well as in sporadic CRC (67). The genetic
mutation profiles characteristic from CRC appear to shape the
tumor-associated microbiota, and the combination of a set of
bacteria was able to predict the loss of function of specific genes,
such as APC and ANKRD36C (63). Furthermore, the tumor-
associated microbiota could be correlated with the consensus
molecular subtypes of CRC (68).

The relevance of the tumor-associated microbiota is
increasingly being recognized in the literature (25, 69) not only
as a surrogate to cancer detection (20, 70) but also as an agent
that is capable to interfere with the cancer therapy (21) and
survival, as demonstrated in patients with resected PDAC (24). A
previous work by our group showed the dysbiosis observed in
rectal tumor tissues, including a substantial increase of species
richness and diversity in the tumor as compared to non-tumor
tissue samples (20). In colorectal cancer, F. nucleatum secretes
adhesion and virulence factors that modulate the
microenvironment, maintaining a proinflammatory state that
potentiates carcinogenesis (71). Specifically for rectal tumors, an
increased abundance of Fusobacteria was observed in
intermediate and poor responders to nCRT (29), and although
baseline F. nucleatum levels were not associated with response,
its positivity after nCRT significantly increased the risk of tumor
relapse (26).

In our study, we found three bacteria genera by the LEfSe
analysis to be increased in nCRT responders in both AR and BR
cohorts: Hungatella, Flavonifractor, and Methanosphaera, all of
them presenting LDA scores ≥3). Taylor (2021) (72) analyzed the
microbial transcription and hypothesized that Hungatella
hathewayi, F. nucleatum, Butyricimonas faecalis, Alistipes
finegoldii, Bacteroides thetaiotaomicron, and B. fragilis may
contribute to tumor regression by modulating both the
metabolism and the immune responses, which could explain our
findings of increased levels of Hungatella and Fusobacterium in R
individuals. Fecal microbiota studies from LARC patients treated
with nCRT showed Hungatella to be associated with less toxicity to
treatment (73). Others described that the Flavonifractor genus is a
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butyrate producer, a short-chain fatty acid (SCFA) related to colon
health, that stimulates the production of mucin and is enriched in
the Tunapuko hunter-gathered individuals (74). Furthermore, the
species Flavonifractor plautii appears to be one of the few gut
bacteria capable of biotransforming quercetin, an anti-
inflammatory flavonoid with preventive roles in CRC, into its
biologically active form (75). At last, Methanosphaera is an
indigenous gut microbiome Archaea, especially Methanosphaera
smithii, which is the most abundant species known from this
kingdom. The Methanosphaera genus was associated to
pathogenic conditions but is also capable to activate innate
immune cells. Both M. smithii and M. stadtmanae were shown to
activate monocyte-derived dendritic cells (mo-DCs) and especially
the late, appears to contribute to pathological conditions in the gut.
The role ofM. stadtmanae can be quite relevant, as this species was
able to strongly activate in vitro both receptors CD86 and CD197,
which are pivotal in the maturation of mo-DCs that can be further
involved in adaptative immune responses (76). When all these
aspects are taken together, it is reasonable to conciliate the presence
of these microorganisms and a complete response phenotype.

The three genera found by LEfSe analysis to be correlated with
NR to nCRT, Enhydrobacter, Paraprevotella, and Finegoldia had
LDA scores above 3 (the LDA score of Finegoldia reached ≥4).
Curiously, the species Enhydrobacter aerosaccus (formerly
Moraxella osloensis) was recently described to be enriched in the
cervical cancer group microbiome (77) and was also found to be
associated to the adenomas in the gut (78). Paraprevotella was
associated toCRC tissues before (78) andwas also enriched in feces
from CRC patients, when compared with the tumor tissue and
feces from controls (79). Finally, yet importantly, Finegoldiawas a
genus with a higher abundance in oral tumors compared to
controls (80). Finegoldia magna (formerly Peptostreptococcus
magnus), the only species of this genus described so far, is a
highly successful opportunist pathogen and also the most
pestilent of the Gram-positive anaerobic cocci (81) F. magna has
many virulence factors that facilitate the invasion of epithelia,
neutralization of defenses, and a strong attachment to the tissues
andproductionof resistant biofilms that helps in the chronification
of infections, turning them into wounds (82). Actually, Finegoldia
was found to be associated to the biofilms of three types of chronic
wounds that are challenging to heal (83, 84). Besides using the
biofilms tobeprotected fromthe immune responseorchestratedby
the host, andmany times also from antibiotic treatment, F. magna
also uses the neutrophil extracellular traps to hide from the
immune system and to replicate (84). Curiously, Finegoldia spp.
was found to be associated to colorectal adenomas but not with a
normal colon (85). Evenmore instigating was the finding by Burns
et al. (2018) (68), who observed that the CRC tumors with loss of
function in the APC gene presented an increased abundance of
Finegoldia, although this correlation was not found in our cohort.
Ultimately, yet very intriguing, one R patient presented a relatively
high abundance of Finegoldia in the pre-treatment biopsy,
contrasting our findings at first sight. However, further
investigation identified that this same individual presented
disease progression in less than one year after surgery, suggesting
not only the role of theFinegoldia genus in identifyingpatientswho
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aremore likely to beNR, but also as a potential marker for patients
with an enhanced risk of progression.

Summingup this information, the evaluation ofEnhydrobacter,
Paraprevotella, and Finegoldia genera together as predictive
biomarkers of response to the nCRT treatment in LARC is
promising. However, the validation of these findings in larger
LARC cohorts treated with nCRT, ideally including samples
derived from distinct locations, with variable genetic
background, diet, and lifestyle should be granted. Additionally,
because our study is based on targeted sequencing, limited to
genus identification, it is also important to investigate which
species are associated with the putative biological role of these
genera in LARC treatment.

Finally, despite the low abundances, PICRUSt analysis
indicated three metabolic pathways that are significatively
different between R and NR. An increase in methylglyoxal
degradation was observed in NR, pointing to a higher
concentration of this highly toxic metabolite produced due to
the enhanced metabolic reprogramming of cancer cells. The
distress induced by methylglyoxal could not only promote
protein and nucleic acid glycation, but also enhance the
metastatic dissemination of breast cancer cells (86). In
addition, the Kdo2-lipid A biosynthesis was increased in NR
patients, and lipid A is a strong immunoreactive endotoxic
center of lipopolysaccharide (87), which, when combined to
methylglyoxal, could shape the tumor microenvironment to a
pro-inflammatory state, possibly explaining our findings. On the
other side, in R patients, the acetylene degradation pathway was
substantially enriched. As acetylene can be metabolized to acetyl-
CoA and then, in acetate and butyrate, this increased production
of anti-inflammatory SCFA, combined with the higher
abundance of the bacterial genera producer of SCFAs, could
help to understand our results (88).

Our study included 44 patients, belonging to two different
cohorts, treated with the current gold standards to LARC care,
and pointing to bacteria that may play a role in treatment response.
Besides the relatively small sample size, we have extended the
current characterization of the exome of the rectal cancer tissue
and described for the first time the composition of the pre-
treatment LARC tissue-associated microbiota. Although a proper
validation of our findings in a larger sample size is still needed to
increase the detection power, while reducing the likelihood of a type
II error, our study described the co-occurrence of APC and FAT4
mutations, as well as increased abundances of Enhydrobacter,
Paraprevotella, and Finegoldia in LARC biopsies as potential
predictive markers of response to nCRT, which may not only
help to select patients more likely to respond to treatment, but
may also lead to tailored approaches to improve the therapeutic
response of these patients.
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